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1.1 Renewable energy sources and production potential  
Several decades of economic growth have driven an increase in energy demand, 
which leads to an increase in greenhouse gas emissions from human activities. The 
development of renewable energy, which is continuously replenished by nature, is 
of vital importance to meet the dual goals of addressing energy crisis and reducing 
environmental impact (Lozano et al. 2018). Renewable energy can be derived from 
solar, wind, water, biomass and geothermal energy. In total, renewable energy can 
provide more than 3000 times of the global energy consumption (Zervos et al. 
2010) (Figure 1). The growth of capacity, environmental and social impact of 
renewable energy stimulates the global energy transition. According to European 
Renewable Energy Council, the share of total renewable energy compared to the 
global energy demand will rise from 16.6 % in 2010 to 47.7 % in 2040 (Demirbas 
2009).  
 
Figure 1. Overview of the renewable energy sources and belonging technologies as 
examples according to (Ellabban et al. 2014). The potential of each renewable 
energy source is elucidated as the times of the current global energy needs shown 
between brackets (Zervos et al. 2010)
  
Chapter 1 
                                                                                                                                                                                                                                                                          
3 
 
This abundant renewable energy is withdrawn using various technologies and converted 
into usable forms of energy such as electricity, heat, and biofuels (Figure 2). In the 
renewable energy markets of 2015, electricity had the largest energy capacity of 1849 GW, 
which is around 4.3 times higher than the heat production (435 GW) and 19.3 times higher 
than the biofuel production (96 GW). Renewable electricity is mainly generated from water 
(hydropower), accounting for 60%, followed by the wind with 20% and the solar with 15%, 
biomass with 4%, and geothermal with 1%. As the production of renewable electricity is 
huge compared with renewable biofuels, technology which can convert electrical energy 
into biofuels is desired to enlarge the renewable biofuel market in the future. Moreover, 
biofuels are generally more easily stored and transported than electrical energy (Chen et al. 
2009). 
 
Figure 2. Renewable electricity, heat, and biofuels were summarized circularly by different 
renewable energy sources (wind, solar, water, biomass and geothermal) according to the 
renewable energy indicators of 2015 (Galán et al. 2016). The numbers inside the circle 
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indicate the energy capacity in gigawatt, i.e. GW (Huskinson et al.). The numbers outside 
the circle represent the proportions of different energy sources. Electricity, heat, and biofuel 
are shown in green, blue, red band, respectively. Wind and water were used to generate 
renewable electricity, which accounted for approximately 80% of the electricity. The 
leftover 20% of the electricity was derived from sun (35%), biomass (50%), and geothermal 
(100%). The other 50% of biomass was used for biofuel production. Solar energy was the 
sole source for renewable heat production (65% of solar energy).  
1.2 Electricity storage technologies are important for renewable energy 
development  
Renewable energy is intermittent and site-specific, because the availability and intensity of 
renewable energy sources are normally climate and weather dependent, e.g. dependent on 
the solar radiation or wind speed (Chauhan and Saini 2014). Except for the fluctuating 
renewable energy supply, the energy demand is also varying, especially the electricity 
demand. For example, a peak of household electrical demand appears from 15:00 to 24:00, 
whereas renewable electricity production by PV panels occurs from 10:00 to 15:00 (Fares 
and Webber 2017). The mismatch between renewable electrical supply and demand affects 
the stability of the power grid. The fluctuations in the networks of the power grid can 
deteriorate the power systems (Lund et al. 2015). Therefore, to make the best use of 
renewable electricity, developing flexible electricity storage systems is essential (Twidell 
and Weir 2015, Azari et al. 2014). In addition, the interest in renewable electricity storage 
is increasing because renewable electricity dominates the renewable energy market and will 
continue expanding in the future (Decourt and Debarre 2013). 
In general, electricity storage has three important characteristics: duration, volumetric 
capacity, and efficiency. It is worth to notify that long-term storage and high storage 
capacity are both crucial requirements for electricity storage technologies aiming to 
increase the network stability. A comparison of different electricity storage technologies is 
shown in Figure 3. Chemical energy carriers, such as hydrogen and substitute natural gas 
(namely methane), seems to be the only way to store energy in long-term on large-scale 
(Figure 3a). Besides, substitute natural gas can be easily integrated into the existing 
infrastructure (e.g. gas grid). However, the chemical-based energy storage is still at an early 
development stage with lower energy efficiencies (< 50%) and requires high upfront capital 
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costs, compared with the much more mature mechanical-based energy storage with high 
energy efficiencies (> 85%; e.g. Flywheel, CAES and PHS) (Figure 3b). Nevertheless, 
mechanical energy storage technologies (like pumped hydro storage) are normally 
constrained by the site availability, which prevents its worldwide implementation (Decourt 
and Debarre 2013).  
(a) 
 
(b) 
 
Figure 3. Overview of different electricity storage technologies including flywheels, 
batteries or capacitors, compressed air energy storage(CAES), pumped hydro storage(PHS), 
hydrogen and substitute natural gas(SNG). (a) Comparison of energy efficiency according 
to (Decourt and Debarre 2013), storage capacity and storage duration based on (Schaaf et 
al. 2014); Herein the energy efficiency is the ratio between the released energy and the 
initial electrical energy input (Ibrahim et al. 2008). (b) Evolution curve of different storage 
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technologies, that are categorised into three different storage principles: mechanical, 
chemical and electrochemical-based on (Decourt and Debarre 2013).  
1.3 Power-to-Gas technologies provide sustainable renewable electricity 
storage  
Storage of renewable electricity in the form of CH4 is a promising technology. On the one 
hand, CH4, as a chemical energy carrier, provides high storage flexibility by taking the 
advantage of existing nature gas pipeline infrastructure. On the other hand, CO2 can be 
recycled during the entire storage and usage chain process, in combination with the 
conversion of CO2 and combustion of CH4, which helps mitigate the global warming effect 
(Bailera et al. 2017). Since the first “Power-to-Gas” concept was proposed in Japan 
(Hashimoto 1994), a large number of “Power-to-Gas” projects has already been conducted 
worldwide. The total number of these projects is around 45, among which 40% of the 
projects have been taken place in Germany (Bailera et al. 2017). The overview of “Power-
to-Gas” technologies are shown in Figure 4. These projects can be categorized into 1-step 
or 2-step process for the conversion of renewable energy into CH4.  
 
Figure 4. Renewable electricity storage in the form of methane by Power-to-Gas 
technologies. The CO2 sources can be from biogas, syngas or pure CO2 (Sterner 2009). 
Depending on the stages involved during the conversion of renewable electric energy into 
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the final product (CH4), the Power-to-Gas technologies are divided into two groups: 1-step 
process and 2-step process.  
The 2-step process consists of the water electrolysis process and the methanation process. 
H2 is initially produced from renewable electricity (i.e. water electrolysis), then it is 
consumed to produce CH4 from CO2 (i.e. methanation). In the methanation process, CH4 
can be produced by either the Sabatier reaction or anaerobically biological conversion. The 
Sabatier reaction is a thermochemical methanation catalyzed by metals (e.g. nickel or 
ruthenium-based aluminum carrier) and operated at a temperature of 300-400 ℃ and 
pressure of 50-200 bar (Müller et al. 2013, Leonzio 2016). The anaerobic biological 
reaction is biological methanation using hydrogenotrophic methanogenesis operated at a 
temperature of 50-70 ℃. The biological methanation has the advantage over the 
thermochemical methanation as the impurities in the CO2 source (biogas) (e.g. H2S, 
siloxanes) have little effect on biological methanation, whereas these impurities will poison 
metal catalysts and thus need to be eliminated prior to the catalytic thermochemical 
methanation.  
In the 1-step process, electrical energy is supplied directly to the (bio)electrochemical cell 
for CO2 reduction to CH4. Compared with the electrochemical reduction requiring specific 
electrode structure and precious metal catalysts (Kim et al. 2017), the bioelectrochemical 
reduction can occur at room temperature (20-30℃) and atmospheric pressure with 
inexpensive renewable catalysts generated by microorganisms. Thermodynamically, the 1-
step process requires less energy than the 2-step process due to that producing H2 needs a 
higher cell voltage than CH4 formation(Geppert et al. 2016a). Collectively, the 
bioelectrochemical CO2 reduction shows promise for application as a sustainable renewable 
energy storage technology.  
The first methane-producing BES was reported in 1999, in which H2-consuming 
microorganisms utilized electrically reduced neutral red as a sole electron donor to drive 
their metabolisms and produce methane from CO2 (Park et al. 1999). Since then methane-
producing BESs have been a spurt of interest attracting many researchers from a variety of 
disciplines, for instance, bioprocess engineering, material science, electrochemistry and 
microbiology. However, this technology is still in its infancy with lots of scientific and 
technical issues to be further addressed.                                                                                                                          
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1.4 Methane production in BESs  
A methane-producing BES consists of several components including (Figure 5): (1) anode 
where oxidation reaction (e.g. water oxidation ) takes places to provide electrons for CO2 
reduction in the biocathode ; (2) biocathode where CH4 is produced by microorganism, 
together with electrons supplied from oxidation reaction in the anode via the external 
circuit; (3) generally a separator, for instance, a cation exchange membrane where positive 
charged ions (e.g. Na+, K+, H+) migrate through from anodic chamber to the cathodic 
chamber to keep the solution electroneutral; (4) external electrical energy that is required to 
drive the reaction (CO2+ 2H2O CH4 + 2O2 ;  ΔG = 817.98 kJ/mol ), which is 
thermodynamically needed.  
 
Figure 5. Schematic diagram of a dual-chamber methane-producing BES, with water as 
electron donor. These electrons from water oxidation flow from anode to the cathode driven 
by the applied power. To maintain electroneutrality, positive ions (e.g. protons) pass 
through a cation exchange membrane. Electrons are finally used by microorganisms to 
convert CO2 to CH4 in the biocathode.  
To facilitate the methane production in the biocathode, the microorganisms present in the 
cathode must actively develop. Among the microorganisms, hydrogenotrophic 
methanogens (e.g. Methanobacterium) are prevalent and have been found to play an 
important role in the performance of methane-producing BESs (Siegert et al. 2015, Cai et 
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al. 2016a, Cheng et al. 2009). Therefore, the inoculum is mostly from an anaerobic 
environment which is rich in hydrogenotrophic methanogens, e.g. a mixture of 
microbiomes from anaerobic digesters (Siegert et al. 2015, Villano et al. 2010), sediments 
(Siegert et al. 2015), existing microbial electrolysis cell’s anolyte effluents (Cheng et al. 
2009), the petroleum reservoir’s formation water (Kuramochi et al. 2013) and pure cultures 
of Mehanobacterium-like archaeon stain IM1(Beese-Vasbender et al. 2015a), as well as  
Methanothermobacter thermautotrophicus strain ΔH (Sato et al. 2013a).  
Nowadays, it is generally accepted that water and wastewater (acetate) are the two 
applicable electron donors used for methane-producing BESs (Geppert et al. 2016a). Table 
1 summarizes the aspects of these two kinds of electron donors. When wastewater (acetate) 
is used as electron donor, the main advantage is that wastewater can be treated 
simultaneously due to anodic microbial metabolism. Because these anodic microorganisms 
normally grow on carbon-based electrode materials (e.g. graphite felt/rod/plate), the cost of 
the anode electrode material is relatively inexpensive compared with anode electrode 
materials for water oxidation (e.g. platinum iridium plate). However, acetate cannot provide 
enough electrons for conversion of the total CO2 within the system according to the 
stoichiometry of the whole reaction (CH3COOH  CH4 + CO2), the only way to obtain 
pure CH4 in the off-gas of the whole system is to use other electron donors, like externally 
supplied H2 from electrolysis of water. In addition, the methane production rate in the 
biocathode is limited by the anodic microbial metabolic rate, which is not a problem for the 
abiotic water oxidation. Overall, it is hard to judge which electron donor is better than the 
other. The suitable electron donor for methane-producing BESs depends on the goal of 
application and the available operational conditions.  
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Table 1. A comparison of two different electron donors: water and organic wastewater 
(acetate).  
Water Organic wastewater (acetate) 
++ Adequate availability with natural 
supply (e.g. seawater). 
+ Moderate availability depend on the 
location and discharge size.  
+ O2 produced as a valuable economic 
compound used on site (e.g. hospital).  
- Overall a mixture of CO2 and CH4 
produced without enough electrons to 
reduce all CO2. .  
- Performance deterioration due to O2 
diffusion from the anode to the cathode. 
+ No risk of O2 deterioration.  
+ No nutrient addition for the abiotic anode. - Nutrient addition for bioanode growth. 
+ Unlimited reaction rate up to 10000 
A/m2. 
- Limited reaction rate by bioanode 
activity lower than 100 A/m2.  
- Higher energy input + Low energy input  
- High risk of anodic corrosion, only 
precious metal electrode is resistant to 
corrosion (e.g. iridium, platinum). 
+ Less risk of anodic corrosion and 
inexpensive carbon-based electrode can 
be used (e.g. graphite felt/rod, activated 
carbon granules.  
- Two-steps, upgrading the biogas outside 
anaerobic digester  
+ One-step, placing the electrode inside 
anaerobic digester  
 
  
  
Chapter 1 
                                                                                                                                                                                                                                                                          
11 
 
1.5 Key parameters to assess performance of methane-producing BESs 
Understanding the factors that influence the performance of methane-producing BESs has 
become the focus of the research field during the past decade. The pre-acclimation of 
inoculum with hydrogenotrophic methanogens has been shown to stimulate biocathode 
start-up and performance (Siegert et al. 2015, LaBarge et al. 2017). Different cathode 
materials affect the growth and adhesion of cathodic biofilm (Cheng et al. 2009, Zeppilli et 
al. 2016a, Van Eerten-Jansen et al. 2012, Siegert et al. 2014a). Anion exchange membrane 
showed lower energy demand per unit of removed CO2 compared to cation exchange 
membranes (Zeppilli et al. 2016). Different electron donors also affect the system energy 
efficiency (Van Eerten-Jansen et al. 2012). In this thesis, we use the methane production 
rate and the system efficiencies (including current-to-methane, voltage and energy 
efficiencies) to assess the performance of methane-producing BESs. For bioelectrochemical 
systems, the energy input in the form of either cathode potential (potentiostatic operation) 
or cathodic current (galvanostatic operation) plays an important role in operating systems to 
obtain certain reation rates (Molenaar et al. 2016, Rabaey and Rozendal 2010). The cathode 
potential defines the thermodynamic driving force of the reaction and therefore affects the 
reaction rate, whereas the set cathode current defines the reaction rate directly and thus the 
potential has to be adjusted to ensure a certain reaction rate. In general, the results of these 
two electrical energy supply strategies are equal. However, cathode potential, rather than 
cathodic current, is typically controlled in most studies of methane-producing BESs 
(Geppert et al. 2016a). Therefore, we only elucidate the cathode potential in more detail in 
this thesis.  
1.5.1 Cathode potential  
Cathode potential is a key factor that determines the mechanisms of methane production 
from CO2 reduction because the electrode potential is determined by the half-reaction 
taking place at the electrode. Figure 6 summarizes the different (bio)electrochemical 
reactions that occur at different cathode potentials on the biocathode of methane-producing 
BESs. The mechanisms of methane production on the biocathode are categorized into the 
direct electron transfer (Cheng et al. 2009) and the mediated electron transfer via hydrogen 
(Villano et al. 2010), formate and acetate (van Eerten-Jansen et al. 2015). The formation of 
these intermediates can be catalyzed by cell-derived enzymes on the cathodic electrode 
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surface (Deutzmann et al. 2015). Normally, these intermediates are rapidly consumed 
resulting in undetectable concentrations (Deutzmann et al. 2015). Therefore, many studies 
point out that the absence of detectable intermediates (hydrogen, formate and/or acetate) 
cannot serve as a solid proof for the direct electron transfer. Revealing the maze of 
mechanisms for the methane-producing biocathode have gained massive interest in the past 
years, although it is still unclear how these different mechanisms cope with each other at 
different operational parameters, such as cathode potential.  
According to Figure 6, the more negative the cathode potential is poised, the more likely 
the mediated electron transfer occurs. So far, most of the methane-producing biocathodes 
are operated at cathode potentials more negative than -0.7 V vs. Ag/AgCl, as more negative 
cathode potential provides a larger driving force compared to the thermodynamic 
equilibrium, which will increase the current and thus result in higher methane production 
rates(Geppert et al. 2016a).  
 
Figure 6. Overview of cathodic reactions in methane-producing BESs adapted from 
(Geppert et al. 2016a). The standard electrode potential was calculated based on Gibb’s free 
energy of each half reaction at standard biological conditions (1 M or 1 bar for all the 
chemicals involved in each reaction, pH 7 and 298 K).  
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The equilibrium cathode potential at which the reaction takes place can be calculated 
according to the following procedures. Examples are shown for both direct conversion of 
CO2 to CH4 (1) and mediator production in the form of H2 (2).  
(1) For the direct electron transfer process, the reaction of CH4 formation (Reaction 
1.) is firstly written according to the International Union of Pure and Applied 
Chemistry (IUPAC) convention (Bard et al. 1985).  Secondly, the cathode 
potential at actual conditions is then calculated based on the Nernst equation 
(Equation 1.)   
             O3HCH8e9HHCO 24
--
3 
                                                     Reaction 1.       
Ecat = 𝐸𝑐𝑎𝑡 
0 - 
𝑅𝑇
8𝐹
ln (
𝑝𝐶𝐻4
[𝐻+]9[𝐻𝐶𝑂3
−] 
) = −
−175.46×1000
8×96485
−
8.314×298
8×96485
× ln [
1
(10−7)9×1 
] = −0.24 𝑉                                                                                                  
Equation 1. 
where 𝐸𝑐𝑎𝑡
0  = - 
∆𝐺𝑟
0
8𝐹
 is the standard cathode potential (0.23V); R is the ideal gas law 
constant (8.314 J/Kmol); T is the absolute temperature (298 K); F is Faraday’s 
constant (96485 C/mol); PCH4 is the CH4 partial pressure (1 bar); [H+] is the 
concentration of the protons at pH 7 (10-7 M); [HCO3-] is the concentration of 
bicarbonate (1 M).  
(2) For the mediated electron transfer via H2 process, the reaction of H2 evolution 
(Reaction 2.) is also written according to the IUPAC convention. Secondly, the 
cathode potential at biological conditions is then calculated based on the Nernst 
equation (Equation 2.).  
      
222 HeH
-                                                                   Reaction 2. 
             Ecat = 𝐸𝑐𝑎𝑡
0 - 
𝑅𝑇
8𝐹
ln (
𝑝𝐻2
[𝐻+]2 
)= −
−0×1000
8×96485
−
8.314×298
8×96485
× ln [
1
(10−7)2 
] = −0.41 𝑉            
                     Equation 2. 
Where 𝐸𝑐𝑎𝑡
0 = - 
∆𝐺𝑟
0
8𝐹
 is the standard cathode potential (0 V); R is the ideal gas law 
constant (8.314 J/Kmol); T is the absolute temperature (298 K); F is Faraday’s 
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constant (96485 C/mol); PH2 is the H2 partial pressure (1 bar); [H+] is the 
concentration of the protons at pH 7 (10-7 M).  
1.5.2 Methane production rate  
To compare the performance of different methane-producing BESs, the methane production 
rate reported in the literature is normalized by the projected surface area or the geometric 
volume of the cathode electrode. Normalizing the performance to the project surface area of 
the cathode electrode is quite common in BES studies because the shapes of the electrode 
materials are mostly flat (Wei et al. 2011), e.g. graphite felt, carbon cloth/paper. However, 
it probably overestimates the performance when a three-dimensional (3D) porous 
conductive material is used as a cathode electrode. As shown in Figure 7, higher methane 
production rates were achieved by 3D cathode electrodes when the methane production rate 
is reported in terms of the project surface area of the cathode electrode. Therefore, 
normalizing performance to the geometric volume of the cathode electrode is reasonable for 
3D natural electrode materials from an engineering perspective (Jourdin et al. 2015), e.g. 
activated granules, stainless steel foam. Collectively, both the electrode type and system 
configuration determine in which form the methane production rate are reported.  
Herein we summarised methane production rates reported in methane-producing BES 
studies so far in terms of cathode project surface and cathode volume as shown in Figure 7. 
The methane production rate has not increased since 2009 and has reached the maximum 
value around 30 L CH4/m2 catproj/d in 2009 and 1.6 m3 CH4/m3 cat/d in 2015. This maximum 
value is, however, negligible compared with methane production rates of 10000-33000 L 
CH4/m2 catproj/d in the technology coupling electrolyser (H2 production) with biological 
methanation (discussed in the previous section) . These data are calculated based on current 
densities of 6000-20000 A/m2 catproj achieved in the electrolysis process. We assume that 
current-to-hydrogen efficiency is 70% in the electrolysis process, and the hydrogen 
produced is used to generate CH4 in biological methanation process (a stoichiometry of 
H2/CH4= 4) with only 5% of energy loss ends up in the microorganisms’ metabolism and 
growth (Geppert et al. 2016a). Therefore, the key for practical application of methane-
producing BES is to focus on obtaining high-rate methane production, to improve its 
competitiveness with other “Power-to-Gas” technologies.  
  
Chapter 1 
                                                                                                                                                                                                                                                                          
15 
 
 
Figure 7. Development of methane production rate in methane-producing BESs (Geppert et 
al. 2016a). Methane production rates are expressed in the unites of L CH4/m2 catproj/d 
(circles) and m3 CH4/m3 cat/d (triangles). The open circles and grey triangles represent the 
flat cathode electrodes, whereas the filled black circles and triangles indicate the 3D 
cathode electrodes. Since 2009, the maximum methane production rate has been quite 
stable. The methane production rates vary considerably among different studies because of 
different goals of each study and the methane-producing BESs performed under a variety of 
operational conditions and system set-ups.  
1.5.3 Current-to-methane, voltage, and energy efficiencies 
The current-to-methane efficiency is described (Van Eerten-Jansen et al. 2013a) as the 
efficiency of capturing electrons from the electric current in the form of CH4, which is 
calculated as shown in Equation 3. In methane-producing BESs, the current-to-methane 
efficiency is normally lower than 100% as a result of competing electron consumption 
processes including biomass growth, generating side products like H2 and/or volatile fatty 
acids (VFAs), and reducing oxygen which crossovers through an ion exchange membrane. 
In turn, the crossover of methane from cathode to anode through the ion exchange 
membrane can also occur, lowering the current-to-methane efficiency.  
ηcurrent−to−methane =
NCH4×8×F
∫ I dt
t
t=0
                                                                              Equation 3.                                                              
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Where NCH4 is the mole of methane produced during a certain amount of time (t); 8 is the 
moles of electrons demanding to produce per mole of CH4; F is the Faraday constant 
(96485 C/mol e-); I is the current (A).  
The voltage efficiency is described as the part of the applied cell voltage which ends up as 
CH4 in the form of Gibb’s free energy of oxidation of CH4 by oxygen into water (Van 
Eerten-Jansen et al. 2012), which is calculated as shown in Equation 4.                                                                     
ηvoltage =
−ΔGCH4
Ecell×8×F
                                                                                                 Equation 4.       
Where ΔGCH4 is the Gibb’s free energy of oxidation of CH4 (890 kJ/mol CH4) (Rader and 
Logan 2010); Ecell is the applied cell voltage (V); 8 is the moles of electrons demanding to 
produce per mole of CH4; F is the Faraday constant (96485 C/mol e-).   
Similar to the current-to-methane efficiency, the voltage efficiency normally cannot achieve 
100%.  The loss of the voltage efficiency is irreversible, involving the different processes in 
the methane-producing BES system (Figure 8.). The ionic voltage loss is attributed to the 
electrolyte resistance of the anolyte and catholyte, and electrode resistance (ter Heijne et al. 
2006). The electrode overpotential is related to charge transfer process and mass diffusion 
process (He and Mansfeld 2009). For example, the biofilm on the biocathode catalyzes 
hydrogen evolution which significantly increases the charge transfer from the biocathode to 
the protons for hydrogen gas and/or atomic hydrogen production (Jeremiasse et al. 2010). 
The pH gradient voltage loss, especially over the membrane in a dual-chamber methane-
producing BES, gradually develops during the operating time for two reasons: (1) two 
opposite half reactions taking place at these two chambers: protons are produced in the 
anode and in turn consumed in the biocathode (Zeppilli et al. 2016a); (2) the primary 
cations in the anolyte (e.g. Na+, K+), which are typically 105 higher concentrations than 
protons, transfer through cation exchange membrane instead of protons (Kim et al. 2007). 
The transport voltage loss is caused mainly by the membrane, which prevents the diffusion 
of certain kinds of ions between the anolyte and the catholyte (ter Heijne et al. 2006). 
Detailed calculations of these irreversible losses can be found in (Sleutels 2010).  
  
  
Chapter 1 
                                                                                                                                                                                                                                                                          
17 
 
The energy efficiency is described as the external electrical energy that ends up in CH4 
(Van Eerten-Jansen et al. 2012). The energy efficiency is calculated as Equation 5.                                                                     
ηenergy = ηcurrent−to−methane × ηvoltage                                                               Equation 5.   
 
 
Figure 8. Overview of the voltage loss in a dual-chamber methane-producing BES. Ecell is 
the applied voltage from the power source. Eeq is the equilibrium voltage for conversion of 
CO2 and H2O into CH4 and O2. The difference between Ecell and Eeq represents irreversible 
losses, consisting: ionic loss divided into anodic (Eionic,an) and cathodic part (Eionic,an), anode 
overpotential (ηan), cathode overpotential (ηcat), transport loss at membrane (Etransport), and 
pH gradient loss separated into anodic (EΔpH,an) and cathodic part (EΔpH,cat).  
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1.6 Research objective and thesis outline 
The objective of this thesis is to achieve an efficient methane production in methane-
producing BESs and investigate its applicability in full-scale power-to-gas projects. The 
efficient methane production means producing methane at high-rate with limited energy 
loss. We focus on improving the biocathode performance by exploring suitable cathode 
materials and discovering the distribution of energy loss to optimize the energy efficiency 
of our methane-producing BESs.   
In Chapter 2, the use of heat-treated stainless steel felt as a novel methane-producing 
cathode is investigated. Comparing with non-treated stainless steel and graphite felt, we 
suppose to find an alternative metal-based electrode to carbon-based electrodes for 
methane-producing BESs. In Chapter 3, the high-rate methane production with low 
cathodic overpotential by using a carbon-based cathode material, i.e. granular activated 
carbon, under galvanostatic control is discovered and investigated. In Chapter 4, the effect 
of intermittent electricity supply on the performance of carbon-based biocathodes in 
methane-producing BESs is investigated. In Chapter 5, integrating methane-producing BES 
into low-temperature (10 ℃) anaerobic digestion is explored. The outcome is expected to 
expand the application of methane-producing BESs in wastewater treatment other than 
renewable electricity conversion and storage system.  
Finally, in Chapter 6, we discuss the bottlenecks of methane-producing BESs based on the 
resutls of this PhD thesis. We evaluated the major issues that will occur when scaling-up 
methane-producing BESs, by performing a techno-economic analysis of a full-scale 
methane-producing BES for biogas upgrading. We compared methane-producing BESs 
with other competing power-to-gas technologies to find a profitable niche market for 
methane-producing BESs.  
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Heat-treated Stainless Steel Felt as a New Cathode Material 
in a Methane-producing Bioelectrochemical System 
ABSTRACT 
Methane-producing Bioelectrochemical Systems (BESs) is a promising technology to 
convert renewable surplus electricity into the form of storable methane. One of the key 
challenges for this technology is the search for suitable cathode materials with improved 
biocompatibility and low cost. Here, we study heat-treated stainless steel felt (HSSF) for its 
performance as biocathode. The HSSF had superior electrocatalytic properties for hydrogen 
evolution compared to untreated stainless steel felt (SSF) and graphite felt (GF), leading to 
a faster start-up of the biocathodes. At cathode potentials of -1.3 and -1.1 V, the methane 
production rates for HSSF biocathodes were higher than the SSF, while its performance 
was similar to GF biocathodes at -1.1 V and lower than GF at -1.3 V. The HSSF 
biocathodes had a current-to-methane efficiency of 60.8% and energy efficiency of 21.9% 
at -1.3 V. HSSF is an alternative cathode material with similar performance compared to 
graphite felt, suited for application in methane-producing BESs.  
 
 
 
 
 
 
 
 
 
 
 
This chapter has been published as: Liu, D.; Zheng, T.; Buisman, C.; ter Heijne, A., Heat-
Treated Stainless Steel Felt as a New Cathode Material in a Methane-Producing 
Bioelectrochemical System. ACS Sustainable Chemistry & Engineering 
2017.10.1021/acssuschemeng.7b02367.   
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INTRODUCTION 
Renewable energy plays an important role in addressing the global energy crisis and 
environmental pollution, as it can reduce the demand for fossil fuels, and thus counteract 
the global warming caused by greenhouse gas (GHG) emissions (Twidell and Weir 2015). 
Renewable energy supplies, such as the wind and solar, are fluctuating and intermittent 
(Weitemeyer et al. 2015). Therefore, energy storage systems for integrating renewable 
energy into a balancing energy grid are essential (Weitemeyer et al. 2015). Power-to-Gas is 
an emerging renewable energy storage technology which can convert electrical energy into 
gas fuel (H2 or CH4) (Götz et al. 2016, Walker et al. 2016). This technology balances the 
grid with high flexibility and stability by creating a connection of electrical and gas 
networks (Bailera et al. 2017). A potentially convenient Power-to-Gas technology is 
methane-producing bioelectrochemical systems (BESs) which convert electricity and CO2 
into methane in one processing step(Eerten‐Jansen et al. 2012, Geppert et al. 2016b). In 
methane-producing BESs, CO2 serves as the sole carbon source at the biocathode and is 
reduced to CH4 via direct and/or indirect pathways (via H2) by microorganisms (Villano et 
al. 2010, Liu et al. 2016a).  
Hydrogenotrophic methanogens that utilize hydrogen for their growth, such as 
Methanobacterium and Methanobrevibacter, are known to dominate on the cathode 
electrode(Cai et al. 2016a, Siegert et al. 2014b, van Eerten‐Jansen et al. 2015, Van Eerten-
Jansen et al. 2013b). To drive CH4 production at reasonable rates, a cathode potential that is 
more negative than the theoretical hydrogen evolution potential (-0.61 V vs. Ag/AgCl, at 
pH 7, 1M solute concentration (Logan et al. 2008)) is usually applied. The additional 
cathode potential, i.e. the overpotential, reflects the extra energy investment at the cathode 
to drive the reaction. By introducing cathode materials that catalyze hydrogen evolution in 
methane-producing BESs, methane production could be enhanced, possibly at lower energy 
input.  
Metal-based electrodes are known to catalyze hydrogen evolution reaction (HER)(Cai et al. 
2016b), thereby stimulating methane production rate via hydrogenotrophic methanogenesis. 
Siegert et al. (2014) showed that a platinum electrode resulted in the highest biotic methane 
production rate (250±90 nmol cm-3 d-1), and also abiotic hydrogen production rate (1600 ± 
200 nmol cm-3 d-1), compared with several different carbon-based and metal-based cathode 
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materials (Siegert et al. 2014a). However, platinum is an expensive material, which is a 
foreseeable practical barrier for implementing methane-producing BESs (Siegert et al. 
2014a). Inexpensive metal-based electrode, e.g. stainless steel, are more cost-effective and 
applicable in methane-producing BESs.  
Stainless steel has been found to be a good cathode material for hydrogen-producing 
biocathodes, with the performance comparable to platinum (Kundu et al. 2013). In addition, 
high durability and low cost of stainless steel compared with graphite felt are desirable in 
practical application(Wei et al. 2011). Recently, several strategies have been applied to 
enhance the performance of stainless steel as an electrode, e.g. surface modification (Kundu 
et al. 2013). Recently, Guo et al. (2015) demonstrated a simple and economical way to 
obtain 3D nanostructure stainless steel felt by applying heat treatment (Guo et al. 2015a). 
The presence of 3D iron oxide nanoparticles increased the biocompatibility of stainless 
steel materials, which resulted in several-fold enhancement in current density (up to about 
1.5 ± 0.13 mA/cm2) for bioanodes. These iron minerals can potentially enhance methane 
evolution by facilitating electron transfer between electrode and methanogens (Venzlaff et 
al. 2013). Heat-treated stainless steel felt may, therefore, be an attractive cathode material 
for methane-producing BESs. To our best knowledge, although stainless steel felt has been 
widely used as cathode material in methane-producing BESs, there are no studies 
investigating the potential of heat-treated stainless steel felt as cathode material in methane-
producing BESs. 
In this study, we examined the use of heat-treated stainless steel felt (HSSF) in a methane-
producing BES and compared the performance of the HSSF with untreated stainless steel 
felt (SSF) and graphite felt (GF). The performance was investigated in terms of CH4 
production rate, current-to-methane efficiency, current-to-hydrogen efficiency, and energy 
efficiency at different cathode potentials of -1.3 V, -1.1 V and -0.8 V vs. Ag/AgCl. 
Polarization curves were used to determine the catalytic activity of different cathode 
electrode materials.  
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MATERIALS AND METHODS 
Electrode Preparation. Three materials were tested as cathodes: Heat-treated stainless 
steel felt (HSSF), stainless steel felt (SSF) and graphite felt (GF). 0.28 cm thick GF (CGT 
Carbon GmbH, Germany) and 0.1 cm thick 316 L SSF (Lier Filter Ltd., China) were cut 
into a circle with a diameter of 5 cm. The projected surface area of each electrode was 20 
cm2. To obtain heat-treated stainless steel felt (HSSF), SSFs were treated in the same way 
as described by Guo et al.: placing SSFs into a muffle furnace at 600 °C for 5 minutes, and 
then taking out SSFs from the muffle furnace, and finally cooling them down under air to 
ambient temperature overnight (Guo et al. 2015b). Platinum foil (5 cm length × 2.5 cm 
width) with a projected surface area of 12.5 cm2 was used as anode material for each 
reactor. Titanium wires (0.1 cm in diameter) served as current collector for both the anode 
and the cathode electrode.  
Reactor Setup. Each reactor system consisted of 3 chambers, one anodic chamber in the 
middle facing two cathodic chambers (Figure 1). Each chamber had a cylindrical volume of 
25 mL (5 cm diameter× 1.26 cm thickness) and the three chambers were separated by two 
Nafion® 117 cation exchange membranes (Sigma-Aldrich, Sigma, St, Louis, MO, USA) 
pretreated by boiling in H2O2 (30%), deionized (DI) water, 0.5 M H2SO4 and DI water, each 
solution for 1 hour at 80 °C(Oh and Logan 2006). In each reactor, two separate platinum 
foils were inserted in the middle anodic chamber to serve as anodes; the same cathode 
electrode material was used in these two cathodic chambers in order to perform duplicate 
testing. Each cathode chamber contained an Ag/AgCl reference electrode (3M KCl, 
ProSenseQiS, Netherlands). All potentials were measured and reported against the 
Ag/AgCl reference electrode.  
The catholyte of each cathode chamber was connected via are circulation bottle (total 
catholyte volume of 500 mL) at a pump speed of 1.0 mL/min. The pH was measured daily 
and controlled in the range of 7.1 and 7.6 manually. Gasbags (500 mL, Cali-5-Bond™, 
Calibrated Instruments INC) were connected to the headspace (25 mL) of the recirculation 
bottle. All anodic chambers shared the same anolyte (in total 5 L) that was recirculated at a 
pump speed of 4.0 mL/min. 
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Figure1. Schematic overview of the methane-producing bioelectrochemical reactor. Each 
cathode material was tested in duplicate and was connected to one of the anodes in the 
anode chamber. Gas production was collected in the headspace of the recirculation bottle in 
combination with the 500 mL of the gas bag. 
Inoculum and Electrolytes. Each cathode chamber was inoculated with 50 mL anaerobic 
sludge with a volatile suspended solids (VSS) concentration of 5.7 g/L, from the 
wastewater treatment plant in Ede, the Netherlands. The procedure of VSS measurement 
was according to the Standard Method 2540-E(Gilcreas 1966). The catholyte contained 0.2 
g/L NH4Cl, 0.13 g/L KCl, 1 mL/L vitamin and 1 mL/L mineral solution (Wolin et al. 
1963a) and 50 mM phosphate buffer solution (4.58 g/L Na2HPO4 and 2.77 g/L 
NaH2PO4 ·2H2O). The catholyte was flushed with N2 gas for 30 minutes before feeding to 
all cathode chambers of all cells and afterward, 5 g/L NaHCO3 was added to the catholyte 
as a carbon source. The anolyte contained the same phosphate buffer (50 mM) as the 
catholyte solution. The anolyte was flushed with N2 continuously to minimize dissolved 
oxygen diffusion across the membrane from anodic to cathodic chamber.  
Reactor Operation. The cell voltage of each reactor was controlled by an FP-AO-210 
module (National Instruments Field Point system, Austin, Texas). The applied voltage was 
controlled and adapted to reach a certain cathode potential. The current was measured by 
the voltage difference over a 10 Ω resistor in the electrical circuit between the anode 
(counter electrode) and the power source. The cathode potentials (measured versus the 
Ag/AgCl reference electrode) and voltages over the resistor were recorded every minute 
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using LabVIEW, supported by an FP-AI-110 module (National Instruments Field Point 
system, Austin, Texas). 
For a start-up, all biocathodes were controlled at -0.9 ± 0.03 V for three weeks to allow 
methanogenic growth, as -0.9 V is a typical cathode potential for methane-producing 
biocathode(van Eerten‐Jansen et al. 2015, Van Eerten-Jansen et al. 2013b). After the start-
up phase, each cathode was controlled for 4 weeks first at -1.1 ± 0.03 V, afterward at -0.8 ± 
0.03 V and finally at -1.3 ± 0.03 V. When the cathode potential deviated more than 30 mV 
from the desired cathode potential, the cell voltage was adjusted to reach the desired 
cathode potential. Each reactor was operated in batch with a length of 168 hours. Four 
batches were performed at each cathode potential to achieve stable performance (at least 
two similar batches). Each batch was started by replacing half of the catholyte with fresh 
medium to ensure sufficient HCO3-, nutrients, and buffer. 
Gas Analysis. Two or four measurements were done per batch to analyze the methane 
production rates. The gas volume was determined by emptying the gas bags with a syringe. 
A gas sample of each cathode chamber was taken from the headspace through the butyl 
rubber stopper. The gas composition in the headspace was identical to that in the gas bag 
because the headspace was connected with the gas bag. The gas composition produced at 
the cathode by two types of gas chromatography: the HP 5890A gas chromatograph and the 
Finsons Instruments GC 8340 gas chromatograph. The HP 5890A gas chromatograph 
measured H2 by injecting 100 µL of a gas sample into a molecular sieve column with 
thermal conductivity detection (TCD); the Finsons Instruments GC 8340 gas 
chromatograph measured CH4, CO2, O2, and N2 by injecting 50 µL of a gas sample into a 
molecular sieve column with TCD 90 ºC.  
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The cumulative methane yield was calculated as follows: 
VCH4,t = (VT,t  + Vhs)  ×  CCH4,t                                                                                                         (1) 
Where VCH4,twas the cumulative methane production (mL) at sampling time t; VT,t was the 
total gas production collected in the gas bag (mL); Vhs is the headspace volume (mL); 
CCH4,t represented the methane concentration (%).  
The methane production rate was calculated over the entire batch and normalized to the 
cathode electrode projected surface area:  
𝛾𝐶𝐻4−𝐴 =
VCH4,total
𝐴𝑝𝑟𝑜𝑗×𝑡
                                                                                                                             (2) 
Where γCH4−A represents methane production rate (L CH4/m
2catproj/d); VCH4,total is the total 
amount of methane yield over the entire batch (L); Aproj is the projected surface area of the 
cathode electrode (20 cm2); t is the experimental time between each sample (day).  
VFA Analysis. The volatile fatty acids (VFA), herein including formate, acetate, and 
lactate, were measured by High-Performance Liquid Chromatography (HPLC) (Lindeboom 
et al. 2016). Each Liquid sample was centrifuged for 10 min at 10000 RCF, and then 1 mL 
of the supernatant was directly put into the sample vial. Samples were injected by an 
autosampler and separated with an Alltech OA-1000 column at 60 °C and 6.0-6.5 MPa.  
Dissolved CH4 Analysis. The dissolved CH4 was measured by following procedures 
(Zhang et al. 2013a): 1) adding 5.3 g NaCl into a 50 mL tube sealed by a stopper; 2) 
extracting 20 mL of air from the tube using a syringe with a needle; 3) slowly injecting 15 
mL of the catholyte into the tube; 4) shaking the tube for fully mixing the salt and 
catholyte; 5) waiting for 30 min to make sure CH4 get out to the gas phase; 6) measuring the 
pressure by the pressure meter (GMH 3150, Germany); 7) measuring gas composition by 
the gas chromatography (Finsons Instruments GC 8340); 8) The amount of dissolved CH4 
was calculated by following formula:  
𝑛𝐶𝐻4−𝑑𝑖𝑠𝑠𝑜𝑣𝑙𝑒𝑑 =
𝑃×𝐶×𝑉 
𝑅×𝑇
                                                                                                     (3) 
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Where 𝑛𝐶𝐻4−𝑑𝑖𝑠𝑠𝑜𝑣𝑙𝑒𝑑 represents the moles of dissolved methane; P is the pressure of 
headspace in the sample tube (kPa); C is the methane percentage (%) in the headspace of 
the tube; V is headspace volume in the tube (0.035 L); R is the gas constant value ( 8.314 
J·mol-1· K-1) ; T is 293 K. 
Cathodic Efficiency (𝛈𝐂𝐄). The efficiency of capturing electrons from the electric current 
in products is the sum of current-to-methane efficiency (ηCH4) and current-to-hydrogen 
efficiency (ηH2). The efficiency of capturing the electrons from the electric current in 
methane or hydrogen was calculated via: 
ηCH4 =
NCH4×8×F
∫ I dt
t
t=0
                                                                         (4) 
ηH2 =
NH2×2×F
∫ I dt
t
t=0
                                                                                                                (5) 
ηCE = ηCH4 + ηH2                                                                                                          (6) 
Where NCH4 is the total moles of methane produced; NH2 is the total moles of hydrogen 
produced; F is the Faraday constant (96485 C/mole e-); I is the current (A), and t is the time 
(s). 
Voltage Efficiency (𝛈𝐯𝐨𝐥𝐭𝐚𝐠𝐞) is described as the part of the applied cell voltage that ends 
up in methane, and was calculated as: 
ηvoltage =
−ΔGCH4
Ecell×8×F
                                                                                  (7) 
Where ΔGCH4is the Gibb’s free energy of methane oxidation (-890.4 kJ/mol CH4)(Eerten‐
Jansen et al. 2012); Ecell is the applied cell voltage (V), F is the Faraday constant (96485 
C/mole e-) 
Energy efficiency (𝛈𝐞𝐧𝐞𝐫𝐠𝐲) was calculated by taking the product of 𝛈𝐂𝐇𝟒 and 𝛈𝐯𝐨𝐥𝐭𝐚𝐠𝐞, 
which represents the part of the external electrical energy that ends up in methane(Eerten‐
Jansen et al. 2012). 
Electrochemical Analysis. Polarization tests were performed every two weeks using a 
potentiostat (Ivium Technologies, Eindhoven, the Netherlands). For the polarization test, 
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the cathode potential was decreased from -0.7 V to -1.1 V with steps of 0.1 V. Each step 
lasted for 10 minutes while the catalytic current was recorded was plotted according to the 
literature (Liu et al. 2016a).  
Scanning electron microscopy. Surface morphology of the biofilms on different cathode 
materials was analyzed by a scanning electron microscope (SEM, FEI Magellan 400).  All 
samples were pretreated in the same method according to the standard procedure (Postma et 
al. 2013). Processing of SEM images was performed at Wageningen Electron Microscopy 
Center (WemC, The Netherlands). 
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RESULTS 
Methane Yields and Methane Production Rates. To achieve stable performance, each 
biocathode underwent four batches (one week per batch) at -1.3 V, -1.1 V and -0.8 V. The 
average methane production rates for the duplicates achieved in the last two stable cycles 
are shown in Figure 2. When cathode potentials were controlled at -1.3 V, the methane 
production rate of HSSF was 7.2 L CH4/m2catproj/d, which was 1.4 times higher than that of 
SSF. It was lower than the methane production rate of 8.8 L CH4/m2catproj/d for GF. At a 
cathode potential of -1.1 V, HSSF and GF had similar methane production rates of 1.0 L 
CH4/m2catproj/d, which was higher than that of SSF with 0.7 L CH4/m2catproj/d. At a cathode 
potential of -0.8 V, methane production for all three materials was low. The highest 
methane production rate was in the SSF of around 0.08 L CH4/m2catproj/d, followed by the 
HSSF of 0.02 L CH4/m2catproj/d, while methane production rates of the GF were below 
0.0015 L CH4/m2catproj/d. As the thickness of the electrodes could affect the availability of 
substrate, proton diffusion (from catholyte to electrode) and biofilm development on the 
electrode, the different thickness electrodes between (GF 3 cm and SSF 1cm) could affect 
the results of our study. On the other hand, Sleutels, T et al. has shown that anode 
electrode(felt) thickness between 1 mm to 3 mm did not affect the current density 
(normalized to projected surface area) in Microbial Electrolysis Cells(Sleutels et al. 2009a). 
From an engineering perspective, we normalized each methane production rate by the 
volume of its cathode electrode (GF 5.6 cm3; SSF/HSSF 2 cm3). HSSF showed the 
superiority over GF, for example, the methane production rate in HSSF at -1.3 V was 2.3 
times higher than that in GF. 
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Figure 2. Methane production rate calculated at cathode potentials of -1.3 V, -1.1 V and -
0.8 V by taking an average of the cycle 3 and 4. Highest methane production rate was 
achieved at the most negative potential. Error bars indicate the standard deviation, 
calculated from duplicate reactors of the last two stable cycles.  
    
Figure 3. Cumulative methane yields over four consecutive batches for all the three cathode 
materials at the cathode potential of -1.1 V. The dashed lines indicate 50 % medium 
replacement at the end of each batch.  
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Cumulative methane yields over four consecutive batches for all three cathode electrodes at 
-1.1 V are shown in Figure 3. Within each batch, a clear increase in cumulative methane 
yield over time was observed for all cathode materials. Within each batch, the HSSF had a 
stable methane yield between 11 and 13 mL. The SSH had a stable but lower methane yield 
of around 9 mL. The GF had the lowest methane yield (4 mL) in the first batch, however, it 
increased to the same level (12 mL) as HSSF in batch 3 and batch 4. 
System Efficiency. The total cathodic efficiency (ηCE) represents the part of electrons that 
end up in products (CH4 and/or H2) and is shown in Figure 4. The highest total cathodic 
efficiency (including CH4 and H2), between 60 and 80%, was found for the biocathodes 
controlled at -1.3 V, which had highest current densities. At less negative cathode potentials 
(-0.8 V and -1.1 V), the cathodic efficiency decreased to below 35%. Slight differences 
were observed between the materials, with no clear relation between material and ηCE. In 
addition to methane and hydrogen, dissolved methane (Zhang et al. 2013a) and volatile 
fatty acids (VFAs) (Fernandes et al. 2015) were analyzed to see if these could explain the 
low cathodic efficiencies. However, neither dissolved methane nor VFAs were detected in 
any of the experiments. 
 
Figure 4. Total cathodic efficiency versus current density of the GF, the SSF and the HSSF 
at different cathode potentials of -0.8 V, -1.1 V and -1.3 V.  
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To further analyze the system efficiency, the results of the current-to-methane(ηCH4)，
current-to-hydrogen (ηH2) and energy efficiency ( ηenergy ) for the different potentials of 
these different electrode materials are shown in Table 1. Highest current-to-methane 
efficiency was 60.8% for HSSF at -1.3 V, 56.9% for SSF at -1.3 V and 69.4% for GF at -
1.3 V. Hydrogen was only detected at -1.3 V for all cathode materials. HSSF and the GF 
obtained a similar current-to-hydrogen efficiency of around 40% at the beginning of the 
batch (Day 1-2), which was higher than that of SSF (30%). However, the HSSF reached a 
current-to-hydrogen efficiency of 23% at the end of the batch (Day 4-7), which was similar 
as that of SSF but higher than that of GF (16%). In general, the current-to-hydrogen 
efficiency decreased with increasing current-to-methane efficiency within each batch, for 
all cathode materials at the cathode potential of -1.3 V.  
The applied voltage in methane-producing BESs can be divided into two parts: a reversible 
potential loss recovered in CH4, and an irreversible potential loss dissipated in the form of 
electrode overpotential, ionic losses and pH gradient over the membrane (Sleutels et al. 
2009b). The irreversible potential is the lost energy and reflects the extra voltage required 
in addition to the thermodynamical equilibrium voltage of CH4 generation from CO2 and 
H2O (1.06 V at standard conditions, which is 1 mole 1 bar for all chemicals involved in the 
reaction, pH 7 and 298 K)(Geppert et al. 2016b). Thus, the higher the applied voltage, the 
lower the voltage efficiency. In this study, the cell voltages were similar for all three 
cathode materials at each cathode potential, which were around 2.1 ± 0.2 V, 2.8 ± 0.1 V and 
3.5 ± 0.3 V for cathode potential of -0.8 V, -1.1 V and -1.3 V, respectively. Therefore, the 
voltage efficiency was similar for all three cathode materials. The voltage efficiency was 
33% at -1.3 V, 41% at -1.1 V, and 55% at -0.8 V. The energy efficiency was calculated as 
the product of voltage efficiency and current efficiency. The highest energy efficiency was 
found for HSSF: 22% at -1.3 V, decreasing to 14% at -1.1 V, and further decreasing to 1% 
at -0.8 V. At each cathode potential of -1.3 V, -1.1 V and -0.8 V, the energy efficiency of 
HSSF was similar to the energy efficiency of GF and higher than that of SSF. 
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Table 1. Overview of the average current-to-methane efficiency, current-to-hydrogen efficiency, and energy efficiency of each cathode 
material at different cathode potentials. The average and standard deviation (less than 5%, not shown) were calculated based on 4 separate 
samples, which were taken from 2 weeks of stable performance (Batch 3 and Batch 4) with duplicate cathode electrodes for each cathode 
material. The current-to-hydrogen efficiencies for all reactors were zero at -1.1 V and -0.8 V, which are not included in this table. 
Material 
Relative Period in 
Batch 3 and 4a 
-1.3V  -1.1V  -0.8V 
𝛈𝐂𝐇𝟒  
(%) 
𝛈𝐇𝟐  
(%) 
𝛈𝐞𝐧𝐞𝐫𝐠𝐲 
(%)  
𝛈𝐂𝐇𝟒  
(%) 
𝛈𝐞𝐧𝐞𝐫𝐠𝐲 
(%)  
𝛈𝐂𝐇𝟒  
(%) 
𝛈𝐞𝐧𝐞𝐫𝐠𝐲 
(%) 
GF 
Day 0-1 - - -  31.8 13.1  2.6 1.4 
Day 1-2 33.6 41.4 11.1  20.3 8.4  1.4 0.8 
Day 2-4 - - -  19.2 7.9  1.1 0.6 
Day 4-7 69.4 15.5 22.9  14.5 6.0  0.5 0.3 
SSF 
Day 0-1 - - -  22.9 9.4  10.0 5.5 
Day 1-2 28.2 30.6 8.1  18.6 7.7  5.2 2.9 
Day 2-4 - - -  17.7 7.3  4.7 2.6 
Day 4-7 56.9 22.9 16.4  12.7 5.2  2.4 1.3 
HSSF 
Day 0-1 - - -  32.9 13.6  2.4 1.3 
Day 1-2 27.8 43.8 10.0  18.7 7.7  1.1 0.6 
Day 2-4 - - -  17.7 7.3  0.9 0.5 
Day 4-7 60.8 22.8 21.9  13.7 5.6  0.2 0.1 
a. For example, Day 0-1 refer to Day 14-15 and Day 21-22 within 4 consecutive operational batches at each cathode potential.  
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Electrochemical Analysis. Polarization curves of the three different cathode materials 
were analyzed before inoculation and after the operation at the cathode potential of -0.8 V 
(Figure 5). For the abiotic test, there was a clear difference between the three cathode 
materials in terms of catalytic behavior for the hydrogen evolution reaction (HER). The 
onset potential of the HER of HSSF started already at -0.6 V, which was less negative than 
that of SSF (-0.8 V). The GF, however, showed almost no catalytic current for the HER in 
the chosen potential range. After biofilm growth, there was hardly any difference in 
polarization behavior between the three cathode materials. The onset potential of the 
reaction (hydrogen or methane production) for all the cathode materials was around -0.8 V. 
The cathodic current of HSSF was similar before and after inoculation. However, after 
inoculation, the cathodic current of GF and SSF increased to values almost the same as the 
HSSF, showing that the biofilm catalyzed either hydrogen or methane production more 
effectively than the bare material (Rozendal et al. 2008). At cathode potentials, less 
negative than -0.8 V, a small positive current was observed for HSSF and SSF in the 
polarization curves. This indicates that these materials may be prone to corrosion if used 
under typical anode conditions (Ledezma et al. 2015), although this effect was not observed 
in our study as biocathode. 
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Figure 5. Polarization curves of three different cathode materials before inoculum (a) and 
after growth at the cathode potential of -0.8 V (b). 
  
  
Chapter 2 
 
42 
 
Morphology of Biofilm. SEM images of three different biocathodes showed the presence 
of microorganisms on the surface of the three cathode materials (Figure 6). In general, good 
coverage of biofilm on the GF electrode was observed, whereas for SSF and HSSF, biofilm 
coverage was less dense. 
      
 
   
 
Figure 6. SEM images of microorganisms’ attachment on the surface of the HSSF (a and b), 
SSF (c), and GF (d) after growth at the cathode potential of -1.3 V for almost one month. 
 
 
(a)                                      500×  (b)                                   2500× 
(c)                                       500× (d)                                       500× 
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DISCUSSION 
After the start-up phase, all reactors were poised at a cathode potential of -1.1 V, which 
could be sufficient to drive the hydrogen evolution reaction (HER), especially for HSSF 
and SSF, as shown in the polarization curves (Figure 5a). The HER in the HSSF and the 
SSF probably promoted methane production with a faster start-up process, whereas the poor 
HER of GF resulted in lower methane production yield in the first biotic batch. In the 
absence of H2, the growth of methanogens may be slower because hydrogenotrophic 
methanogenesis (indirect via H2) has been suggested as a vital pathway for the methane-
producing BESs(Siegert et al. 2014b). The heat treatment process enhanced the 
performance of the SSF both in abiotic HER (Figure 5a) and in methane production yield at 
more negative cathode potentials, i.e. -1.1 V and -1.3 V (Figure 2). This can be attributed to 
the formation of 3D iron oxide nanoparticles on the surface of the HSSF. It has been found 
that nano-structured electrodes could increase the abiotic reaction rate by enlarging the 
electro-active surface area, and also stimulate the development of an electro-active biofilm 
by proving additional anchoring points for microbial adhesion (Guo et al. 2015a). The SEM 
images showed that microorganisms on the HSSF seemed to form a matrix of extracellular 
polymeric substances (EPS) which allowed adhesion of cell-to-cell and cell-to-electrode 
surface (Figure 6b), whereas the microorganisms on the SSF formed a loose matrix (Figure 
6c). It has also found that the HSSF bioanode could facilitate a robust electro-active biofilm 
formation and increased current generation in BESs: current densities achieved for 
bioanodes on HSSF were several-fold higher than for SSF and the carbon-based felt (Guo 
et al. 2014, Guo et al. 2015c). When applied as biocathode for methane production, 
however, HSSF had similar performance to GF at the cathode potential of -1.1 V, and its 
performance was slightly lower than GF at the cathode potential of -1.3 V. The fact that 
HSSF showed lower improvement compared to GF when used as cathode than as anode 
could be due to different mechanisms for electron transfer between microorganisms and the 
electrode. At a cathode potential of -0.8 V, the low methane production rates obtained in all 
the biocathodes was in line with the results from polarization curve (Figure 5b), which 
indicated that cathode potential of -0.8 V was not negative enough to obtain a substantial 
current in all these biocathodes. It is worth noticing that the methane yield for GF gradually 
increased, and reached similar and stable performance as HSSF during Batch 3 and Batch 4 
at the cathode potential of -1.1 V (Figure 3). Furthermore, polarization curves changed after 
the biofilm developed on GF (Figure 5): (a) current density increased considerably after 
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biofilm formation (biotic GF) compared to abiotic tests at the same potential, and b) the 
onset potential for hydrogen evolution was less negative in the biotic case compared to the 
abiotic experiments. These results suggest that the presence of biofilm on the GF could play 
a role by catalyzing hydrogen evolution that enhances methane production (Siegert et al. 
2014a, Batlle-Vilanova et al. 2014). Although no hydrogen was detected in the headspace, 
it might have been directly consumed by the methanogens(Geppert et al. 2016b). As GF is a 
material with good biocompatibility (Wei et al. 2011), there was evidence for a dense 
biofilm formation on the GF in one of the SEM images (Figure 6d).  
Concerning cathodic efficiency, the impact of dissolved methane and volatile fatty acids 
(VFAs) was eliminated as neither dissolved methane or VFAs were detected. However, it is 
confirmed by Van Eerten-Jansen et al. that using water as anolyte can lower cathodic 
efficiency compared to other anolytes(Eerten‐Jansen et al. 2012), e.g.  hexacyanoferrate (II) 
or acetate. Oxygen diffusion through the membrane from the anode to the cathode can lead 
to a lower cathodic efficiency, as oxygen was the most favorable compound to be reduced 
at the cathode(Eerten‐Jansen et al. 2012, Min and Logan 2004). In this study, around one 
percent of oxygen was found in the headspace of cathode circulation bottle, which 
suggested oxygen diffusion and its reduction was occurring continuously at the cathode. 
This process can consume electrons and lower cathodic efficiencies. A low cathodic 
efficiency (below 35% at cathode potentials of both -0.8 V and -1.1 V) can also be caused 
by other factors that vary with studies: inoculum, catholyte, biomass growth, membrane, 
system configuration and duration of the experiment(Siegert et al. 2014b, Sleutels et al. 
2011, Zeppilli et al. 2016b).  
Furthermore, we observed that the cathodic efficiency was related to the current densities 
rather than to the cathode materials, with higher efficiencies found for higher current 
densities. In contrast, the voltage efficiency decreased with the increased current density 
because of the higher applied voltages. Therefore, there is a trade-off between the two, with 
somewhere an optimum at which the highest energy efficiency is achieved. This study is 
one of the first ones analyzing the energy efficiency of methane-producing BES in more 
detail, with maximum values of 22% (Table 1), values similar as those determined for short 
term yield tests in another study utilizing water as the electron donor(Eerten‐Jansen et al. 
2012). The energy efficiency is a crucial factor to determine the performance of the 
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methane-producing BESs and to assess its capability as an energy storage system(Geppert 
et al. 2016b). Further increase in energy efficiency is required, which need to be achieved 
by further improvements in system’s performance, to bring methane-producing BESs closer 
to the application. 
CONCLUSIONS 
Heat treatment of stainless steel felt improved methane production rates of SSF in the 
methane-producing BESs when operated at -1.1 V and -1.3 V vs. Ag/AgCl, with 
performance similar to GF. HSSF had a maximum current-to-methane efficiency of 60.8% 
and energy efficiency of 21.9% at -1.3 V. These values were similar to the ones found for 
GF, and higher than those for untreated SSF. Moreover, HSSF had better electrocatalytic 
property for hydrogen evolution, leading to a fast start-up of the biocathode. HSSF is an 
alternative cathode material with similar performance compared to graphite felt, suited for 
application in methane-producing BESs.  
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SUPPORTING INFORMATION  
 
 
Heat-treated Stainless Steel Felt as a New Cathode 
Material in a Methane-producing Bioelectrochemical 
System 
 
 
 
 
1 Table, 2 Figures. 
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Table S1. Overview of operational conditions during the experiment. 
  
 
Experimental 
condition  
HSSF  
(weeks) 
 SSF  
(weeks ) 
 GF  
(weeks) 
Reacotr 1 Reactor 2 Reactor 3 
Ⅰ Ⅱ Ⅰ Ⅱ Ⅰ Ⅱ 
-0.9 V 3  3  3 
-1.1 V 4  4  4 
-0.8 V 4  4  4 
-1.3 V 4  4  4 
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Figure S1. Cumulative methane yields over four consecutive batches for all the three 
cathode materials at the cathode potential of -1.3 V.  The dashed lines indicate 50 % 
medium replacement at the end of each batch.  
 
Figure S2. Cumulative methane yields over four consecutive batches for all the three 
cathode materials at the cathode potential of -0.8 V. The dashed lines indicate 50 % 
medium replacement at the end of each batch.  
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Granular Activated Carbon as Cathode Material in 
Methane-Producing Bioelectrochemical Systems 
ABSTRACT  
Methane-producing bioelectrochemical systems generate methane by using microorganisms 
to reduce carbon dioxide at the cathode. However, current densities and methane 
production rates have remained low so far. We have used granular activated carbon (GAC) 
as a carbon-based cathode material with a high specific surface area and compared its 
performance with that of graphite granules (GG) as carbon-based cathode material with a 
low specific surface area. Under galvanostatic control, the reactors in our study achieved 
methane production rates of around 65 L CH4/m2catproj/d at 35 A/m2catproj. The GAC 
biocathodes had a lower overpotential than the GG biocathodes, with methane generation 
occurring at -0.52 V vs. Ag/AgCl for GAC and at -0.92 V for GG at a current density of 10 
A/m2catproj, and still at only -0.58 V for GAC at 35 A/m2catproj. Upon addition of 
methanogenesis inhibitor 2-BES, all biocathodes produced mainly acetate, at a cathode 
potential of -0.58 V for GAC and -0.92 V for GG. 16S rRNA gene analysis showed that 
Methanobacterium was the dominant methanogen and that the GAC biocathodes 
experienced a higher abundance of Proteobacteria than the GG biocathodes. These results 
are promising for the practical application potential of methane-producing BESs. 
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INTRODUCTION 
The worldwide economic growth and the need for alternative energy sources drive the 
increase of electricity generation from renewables (such as solar, wind, and geothermal 
power) (Cheng et al. 2009, Administration 2016). The intermittent production of these 
newer types of energy, in combination with the fluctuating need for electricity, requires 
innovative technologies for electricity storage. Methane-producing bioelectrochemical 
systems (BESs) are a promising electricity conversion and storage technology (Van Eerten-
Jansen et al. 2012) with the advantage that methane can be integrated into the natural gas 
grid (Sato et al. 2013b). In methane-producing BESs, H2O is typically used as an electron 
donor, and oxidized at the anode (Van Eerten-Jansen et al. 2012). At the cathode, 
microorganisms reduce CO2 to CH4. This reduction can be direct (via electrons) and/or 
indirect (via H2 formed at the cathode) (Villano et al. 2010, Liu et al. 2016a). The assembly 
of cathode and microorganisms is called biocathode.  
Methane production rates achieved so far have remained low at values of 0.13-30 L 
CH4/m2catproj/day (Geppert et al. 2016a), which limits the applicability of methane-
producing BESs. Several studies have looked at cathode materials (Siegert et al. 2014a, 
Zhang et al. 2013b), inoculum sources (Siegert et al. 2015, Beese-Vasbender et al. 2015a) 
and operating conditions (Van Eerten-Jansen et al. 2012) with the aim of stimulating 
methane production. One effective method is to enhance microorganism attachment by 
increasing the available area for biofilm growth on the cathode surface (Jourdin et al. 2015, 
Guo et al. 2015a). The material and structural properties of the cathode are therefore of the 
utmost importance. Siegert et al. (Siegert et al. 2014a) investigated several cathode 
materials with different surface areas to optimize methane generation by a mixed culture. 
They showed that methane production rates can be enhanced with carbon-based electrodes 
(e.g. carbon brush), especially with materials providing a high surface area per volume of 
cathodic chamber (m2/m3). The reason behind this may be that these 3D electrodes can 
provide benefits for the attachment of microorganisms and biofilm development, but it is 
also possible that they increase mass transfer of substrate and product. Carbon-based 
electrodes are generally biocompatible and attractive candidates for use in scaled-up BESs. 
Examples of 3D carbon-based electrode materials are carbon granules (Freguia et al. 2007), 
activated carbon felt (Deng et al. 2010) or carbon cloth/felt modified with carbon nanotubes 
(Guo et al. 2015a, Zhang et al. 2013b).  
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Recently, it has been shown that the presence of granular activate carbon (GAC) in 
anaerobic digestion stimulates methane production. In these studies, GAC was not used as 
cathode material, as no current or potential was applied. Methane production was, in 
presence of GAC, probably enhanced by promoting direct interspecies electron transfer 
from Geobacter (Liu et al. 2012), Sporanaerobacter, and Enterococcus (Dang et al. 2016) 
species to methanogens. One of these studies (Dang et al. 2016) found that using a graphite 
rod, to the contrary, does not affect performance, for reasons not yet understood. Another 
study showed that adding pre-acclimated GAC can enhance methane production and 
decrease start-up times in the methane-producing BESs that use carbon brushes as cathode 
electrodes (LaBarge et al. 2017). GAC therefore appears to provide effective growth 
support for pre-acclimation of electrophilic methanogenic communities with exocellular 
electron transfer (LaBarge et al. 2017). This makes GAC an attractive electrode material for 
enhancing methanogenesis relative to other carbon-based electrodes, but to the best of our 
knowledge, GAC has not yet been used as the cathode electrode material in methane-
producing BESs.  
In this paper, we report methane production rates in an methane-producing BES of up to 65 
L CH4/m2catproj/d from CO2. This was achieved by using GAC in a packed bed as the 
cathode electrode. The performance of the methane-producing BES with GAC was 
compared with that of an methane-producing BES with a packed bed of graphite granules 
(GG) as the cathode. We tested both granule types in duplicate reactors during 90 days at 
two different current densities and assessed performance in terms of methane production 
rate, current-to-methane efficiency and energy efficiency. We also analyzed the microbial 
community composition.  
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MATERIALS AND METHODS 
Experimental Setup. We operated four bioelectrochemical reactors (Figure S1 in the 
Supporting Information). As cathode materials, we used granular activated carbon (GAC) 
with a specific surface area of 764 m2/g (Cabot Norit Nederland B.V., Zaandam, the 
Netherlands; 1-3 mm diameter) and graphite granules (GG) with a specific surface area of 
0.438 m2/g (Carbone Lorraine Benelux BV, Wemmel, Belgium; 3-5 mm).(Borsje et al. 
2016) 
Each reactor contained an anodic and cathodic chamber, each with a volume of 33 cm3 
(11cm×2cm×1.5cm). A cation exchange membrane (FumaTech GmbH, Ingbert, Germany) 
was used with a projected surface area of 22 cm2 (11cm×2cm). Two cathodic chambers 
were packed with GAC granules (GAC1 with 8.5 g and GAC2 with 8.4 g). The other two 
cathodic chambers were packed with GG granules (GG1 with 26 g and GG2 with 29.2 g). 
The current collector at the cathode was a plain graphite plate. The granule bed was tightly 
packed to ensure good contact between granules and current collector. The anodic 
chambers contained a 22-cm2 platinum-iridium-coated titanium plate as electrode (Magneto 
Special Anodes BV, Schiedam, the Netherlands). The anodic chambers were filled with 
glass beads with a 7-mm diameter (Hecht-Assistent, Sondheim v. d. Rhön, Germany) to 
further ensure tight packing of the carbon granules. The reference electrodes (3M KCl 
Ag/AgCl, QM710X, QIS, Oosterhout, the Netherlands, +0.205 V vs. standard hydrogen 
electrode) were connected to the anolyte and catholyte solutions. Throughout this paper, all 
potentials are expressed against Ag/AgCl reference electrode.  
Each cathodic chamber was connected to a liquid-gas separation bottle (60 mL) with a gas 
bag of 2 L (Cali-5-BondTM). After the separation bottle, the catholyte was channeled into 
the recirculation bottle (500 mL), where it was sparged with CO2 for 2 hours/day during 
weekdays. After day 71, the catholyte was sparged with CO2 continuously. All four anode 
chambers shared the same anolyte that was pumped via a recirculation bottle (5 L). Anolyte 
and catholyte flow rates were 7 mL/min.  
Electrolytes and Microorganisms. The catholyte consisted of a 50mM phosphate buffer 
(2.77 g/L NaH2PO4·2H2O and 4.58 g/L Na2HPO4) with 0.2 g/L NH4Cl, 0.13 g/L KCl, 1 
mL/L Wolfe’s vitamin solution and 1 mL/L Wolfe’s modified mineral solution (Wolin et 
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al. 1963b). The catholyte was flushed with N2 gas for 30 minutes before each use. The pH 
in both anolyte and catholyte were 7.1 ± 0.2 at the start of each experiment.  
All cathode chambers were inoculated at the same time with 10 mL of an anaerobic mixed 
culture (volatile suspended solids = 12.9±1.3 g/L), which contained 50% anaerobic granular 
sludge from the paper industry wastewater treatment facility in Eerbeek (the Netherlands) 
and 50% anaerobic sludge from the municipal wastewater treatment facility in Ede (the 
Netherlands).  
The anolyte consisted of a 50 mM phosphate buffer. The anolyte was continuously flushed 
with N2 gas in the recirculation bottle to keep O2 levels at a minimum. 
System Operation. To obtain a successful methane-producing biocathode, all reactors 
were galvanostatically controlled (at a fixed current) by a potentiostat (Ivium n-Stat, 
Eindhoven, the Netherlands), which collected the cathode potential data from all reactors at 
intervals of 1 minute. In this way, methane production rates can be regulated more directly 
than with cathode potential control, as the current determines the electrochemical reaction 
rate (Jörissen and Speiser 2015). After inoculation, all reactors were operated at a fixed 
current of 5 A/m2catproj during the startup period. The current of all reactors was increased 
from 5 to 10 A/m2catproj on day 37 and from 10 to 35 A/m2catproj on day 71. All cathodes 
were operated in batch. Half of the catholyte was replaced on days 31 and 70 to replenish 
buffer, nutrients and vitamins. The pH of each reactor was monitored daily by pH 
measurement of liquid samples (0.5 mL per sample) taken from anode and cathode 
chamber. All reactors were operated inside a temperature-controlled cabinet at 30 ºC.  
At the end of each experiment, methanogenesis of each biocathode was inhibited by spiking 
each catholyte with 15 mM of sodium 2-bromoethanesulfonate (2-BES). The possible 
generation of products like hydrogen, acetate and formate was investigated for each 
biocathode under galvanostatic control at a current density of 10 A/m2 catproj.  
Electrochemical Analysis. Polarization curves were acquired before inoculation and on 
day 30 and day 90 after inoculation. For the polarization curve before inoculation, the 
cathode potential was controlled from -0.5 V to -1.0 V with steps of 0.1 V; for the 
polarization curve after inoculation, the cathode potential was controlled from -0.1 V to -
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0.7 V with steps of 0.05 V. Each potential step lasted 600 s for the GAC biocathodes but 
300 s for the GG biocathodes, as the latter required a shorter equilibrium time.  
Chemical Analyses. The liquid and gas samples were taken from each reactor twice a 
week, each sample representing 3 to 4 days. Volatile fatty acids (VFAs), including formate, 
acetate and lactate, were determined in the liquid phase by high-performance liquid 
chromatography (HPLC),(Lindeboom et al. 2016) whereas the gas composition was 
measured by gas chromatography (GC) (Liu et al. 2016a), both as described elsewhere. The 
gas volume was quantified by emptying the gas bags with a syringe. The methane 
production rate was calculated and normalized to the projected surface area of the cathode 
(Eq. 1) and the volume of the cathodic chamber (Eq. 2), as follows: 
𝛾𝐶𝐻4−𝐴 =
VT×CCH4
𝐴𝑝𝑟𝑜𝑗×𝑡
                                                                                                 (1) 
𝛾𝐶𝐻4−𝑉 =
𝑉𝑇×𝐶𝐶𝐻4
𝑉𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒×𝑡
                                                                                       (2) 
Here, 𝛾𝐶𝐻4−𝐴 (L CH4/m
2 catproj /d) and 𝛾𝐶𝐻4−𝑉 (L CH4/m
3 cat /d) represent methane 
production rates; VT (L) is the total volume by summing up the volume of the gas bag and 
the headspace (0.015 L); CCH4(%) is the methane fraction in the headspace; 𝐴𝑝𝑟𝑜𝑗(𝑚
2) is 
the projected surface area of the cathode; 𝑉𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒(𝑚
3) is the cathodic chamber volume; t 
(d) is the experimental time between each headspace measurement (d).  
Current-to-methane efficiency. This indicates which percentage of the electrons ended up 
in the form of methane.  
η𝐶𝐻4 =
NCH4×𝑛𝐶𝐻4×F
∫ I dt
t
t=0
                                                                                                (3) 
F is the Faraday constant (96485 C/mol e-); NCH4 (mol) is total moles of CH4 produced; 
nCH4 is moles of electrons per mole of CH4 (8); I (A) is the current.  
Voltage efficiency and energy efficiency. These describe how much of the applied voltage 
and applied energy ended up in CH4. 
ηvoltage,CH4 =
−ΔGCH4
Ecell×𝑛𝐶𝐻4×F
                                                                                      (4) 
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𝜂energy,CH4 = 𝜂CH4 ×  𝜂voltage,CH4                                                             (5) 
Here, ΔGCH4  is the Gibb’s free energy of methane oxidation (-890.4 kJ/mol) and Ecell is the 
applied cell voltage (V).  
Microbial community analysis. After operation at a current density of 35 A/m2catproj, we 
disassembled all reactors inside an anaerobic chamber, and 0.5 g (wet weight) of the 
granules was taken from each cathode. In addition, we took 300 mL of the used catholyte 
from each reactor and filtered it over a 0.22 μm MF-MilliPore filter. Genomic DNA was 
extracted from each reactor samples with a Mo Bio PowerSoil DNA isolation kit for 0.5 g 
of the granular electrode and a Mo Bio PowerWater DNA isolation kit for the filter, 
according to the manufacturer’s instructions. To investigate both bacteria and archaea, we 
carried out amplification of 16S rRNA gene fragments by using a two-step PCR protocol 
(see Supportive Information, under B). We also calculated Bray-Curtis similarities between 
reactors (biocathodes and used catholytes) from the microbial community relative 
abundance data with Primer-E software, version 7 (LaBarge et al. 2017).  
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RESULTS AND DISCUSSION 
High Methane Production Rates Directly Linked to Current Density. We determined 
methane production rates at two different current densities, namely 10 and 35 A/m2catproj. 
At the current density of 35 A/m2catproj, the methane production rates were around 65 L 
CH4 /m2catporj/d for both GAC and GG reactors. As these methane production rates were 
directly related to current density, they were almost four times higher than the methane 
production rates at 10 A/m2catproj (Figure 1a). The current-to-methane efficiencies for the 
GAC and GG reactors were also similar (Figure 1b); they increased from 55% at 10 
A/m2catproj to 67% at 35 A/m2catproj. We detected no H2 and volatile fatty acids in any of the 
reactors when they were controlled at these two current densities, which suggests that 
during the stable performance period, the methanogenic activity was high enough to utilize 
them if they were produced. The lost electrons were probably used for oxygen reduction, as 
oxygen was also generated at a high rate in the anodic chamber and can diffuse through the 
membrane to the cathodic chamber.(Van Eerten-Jansen et al. 2012) Also, the low current-
to-methane efficiency might be due to other factors, e.g. electrons used for biomass growth 
(Geppert et al. 2016a), or loss of methane via membrane, tubes, and connections within the 
reactor (Skovsgaard and Jacobsen 2017), especially considering our relatively long 
sampling intervals (3 to 4 days). In terms of energy efficiency (see the Supporting 
Information, under D), all reactors achieved a similar result of around 20% at a current 
density of 10 A/m2 catproj, while the energy efficiencies of all reactors decreased to around 
15% when operated at the higher current density of 35 A/m2 catproj. Although applying a 
higher current density resulted in a higher current-to-methane efficiency, i.e. an increase 
from 55% to 67%, the energy efficiency decreased as a result of lower voltage efficiency.  
  
Chapter 3 
62 
 
 
Figure 1. (a) Methane production rates and (b) current-to-methane efficiencies at current 
densities of 10 A/m2catproj and 35 A/m2catproj for GAC and GG reactors. Data were collected 
throughout a period of 2 weeks with stable performance for every reactor. Shown are the 
average value and standard deviation of four samples for each reactor and current density. 
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Biocathodes with Granular Activated Carbon Produced Methane at Low 
Overpotentials. Directly after inoculation, all the reactors had similar cathode potentials of 
about -0.90 V (Figure 2). The cathode potential of GAC1 changed from -0.90 V to -0.52 V 
between day 7 and 10, whereas the cathode potential of GAC2 changed from -0.80 V to -
0.52 V between day 30 and 37 (Later in this section, we give a possible explanation for this 
difference). The cathode potentials of the GG reactors remained stable around -0.92 V long 
after inoculation (and became slightly more negative around day 37 and day 70 due to the 
increases in current density). These potential differences between GAC and GG 
biocathodes were also seen in the polarization curves at day 30 (Figure S2-b in the 
Supporting Information) and day 90 (Figure S2-c in the Supporting Information). These 
polarization curves show that the onset of current for GAC biocathodes occurred at a more 
positive potential from -0.5 V to even -0.4 V during operation, whereas the current densities 
of GG biocathodes were negligible in the whole range of cathode potentials tested (-0.7 V 
to -0.3 V). Nevertheless, the onset potentials of the bare GAC electrodes (Figure S2-a in the 
Supporting Information) were around -0.7 V, the difference indicating the catalytic effect of 
the growth of cathodic micoorganisms on the GAC electrodes.  
To further strengthen our experiment findings, we started two methane-producing BESs 
with new and clean GAC electrodes (R1 and R2, detailed information in SI, section E). 
Again, the cathode potentials of both GAC biocathodes became less negative after 10 days 
of inoculation and finally reached similar values of -0.53 V for R1 and -0.6 V for R2, 
supporting the observations reported here.  
These cathode potentials for GAC are the least negative ones (i.e. lowest overpotential) 
reported in the literature for methane-producing BESs, to our knowledge (Geppert et al. 
2016a). To exclude that the measurement of cathode potential was influenced by the fact 
that the reference electrode was placed just outside the cathode compartment, we inserted a 
new Ag/AgCl reference electrode into the cathodic chamber close to the granular bed. The 
cathode potential was -0.43 V, which was 100 mV less negative than the cathode potential 
(-0.54 V) measured just outside the cathode chamber, pointing out that the cathode potential 
was even more positive than measured. The thermodynamic equilibrium potential for 
hydrogen evolution being -0.62 V, under the conditions applied here (T=30ºC, P=1 bar, 
pH=7) (Beese-Vasbender et al. 2015b) methane formation via hydrogen produced at the 
cathode (possibly catalyzed by microorganisms) seems thermodynamically unfavourable, 
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although hydrogen could still be an intermediate in the reaction, as the local hydrogen 
pressures may be extremely low and local pH value may be extremely high. To further 
study the mechanisms of methane production, biocathodes were flushed with a mixture of 
N2 and CO2, and thereafter with only N2. In presence of CO2, cathode potential was similar 
to the one measured during normal operation. In absence of CO2, however, cathode 
potential decreased to more negative values of -0.9V, Thus, when CO2 is available, it is 
likely that methane is produced directly, without hydrogen as intermediate, whereas 
hydrogen formation occurs at more negative potentials in absence of CO2.  
 
Figure 2. Average daily cathode potentials of all the reactors after inoculation. Both GAC 
biocathodes showed a steep increase in cathode potential, whereas the cathode potential for 
both GG biocathodes remained constant, and decreased with increased current density.  
Key question is why methane production on GAC occurred at a cathode potential of -0.52 
V, while methane production on GG occurred at -0.90 V. The high specific surface area of 
GAC (764 m2/g) and average smaller size (1-3 mm) relative to GG (0.438 m2/g, 3-5 mm) 
may have played a role, but does not explain the mechanism of methane formation. It is 
likely that methane production at a cathode potential of -0.52 V has not been reported 
before due to the fact that all methane-producing biocathodes in other studies were operated 
at a constant potential rather than at a constant current. In fact, most of the studies have 
5A/m2 10A/m2 35A/m2
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used cathode potentials more negative than -0.7 V vs. Ag/AgCl to supply a sufficiently high 
overpotential for methane generation (LaBarge et al. 2017, Siegert et al. 2014a, Villano et 
al. 2016). To explore if there would be a difference in methane production between 
potential control and current control, we switched the biocathodes from galvanostatic 
control to potentiostatic control with an active biocathode. After this switch to cathode 
potential control, the current as well as methane production rates and efficiencies remained 
similar (results not shown).  
The abrupt changes in the biocathode potentials of the GAC reactors occurred on different 
days (Figure 2). The reason for that may be that in GAC1, which had been operated and 
adjusted during 2 months before inoculation to perform electrochemical measurements, the 
catholyte and/or electrode may already have contained methanogens before inoculation. 
Indeed, a minor amount of CH4 was already detected in the headspace of GAC1 during the 
phase before inoculation (data not shown). The fluctuations of the cathode potentials, 
especially at current densities of 5 A/m2catproj and 10 A/m2catproj, were probably the result 
of fluctuations in catholyte pH due to intermittent CO2 supply (Jourdin et al. 2015). After 
changing to continuous CO2 supply and a current density of 35 A/m2catproj on day 71, the 
pH of the catholyte and the cathode potentials remained more stable. Figure S3 in the 
Supporting Information contains detailed pH data.  
Inhibition of Methanogens Resulted in Acetate Formation for Both GG and GAC 
Biocathodes. At the end of our experiment, we performed two weeks of methanogenic 
inhibition tests with 15 mM sodium 2-bromoethanesulfonate (2-BES) for all biocathodes. 
We operated the cells at a constant current density of 10 A/m2catproj and compared product 
formation and cathode potentials before and after 2-BES addition (Figure 3). For both the 
GAC and GG biocathodes, acetate was the main product after 2-BES addition and methane 
formation still accounted for 11% (GG) and 5.7% (GAC) of the supplied charge. For the 
GAC biocathodes, some hydrogen was measured as well (accounting for 4%). The cathode 
potentials for the GAC biocathodes became slightly more negative (from -0.52 V to -0.58 
V). It is interesting that acetate and hydrogen formation occurred at those low potentials for 
the GAC biocathodes as well; reported cathode potentials for a current density of 10 
A/m2catproj for acetate production are more negative than -1.0 V (Jourdin et al. 2015, 
Jourdin et al. 2016) and those for hydrogen production are more negative than -0.9 V 
(Rozendal et al. 2008). The cathode potentials for GG hardly changed (about -0.93 V vs. 
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Ag/AgCl) after 2-BES addition, showing that the electrons were diverted to acetate when 
the methane production pathway was inhibited.  
 
Figure 3. Performance comparison for GAC and GG biocathodes at a current density of 10 
A/m2 catproj, between the period without inhibition (average value from duplicate reactors 
for each biocathode material: GG-C and GAC-C) and the period with 15 mM 2-BES 
(average value from duplicate reactors for each biocathode material: GG-2-BES and GAC-
2-BES). The average current-to-product efficiency data for each biocathode material are 
shown as a stacked bar chart and are based on 4 samples (2 samples for each reactor × 2 
reactors for each biocathode material). The average cathode potential for each biocathode 
material is represented as a black circle with standard deviation (error bar).  
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Microbial Community Analysis Revealed Methanobacterium as the Dominant Genus. 
Microbial community characterization of biofilm and catholyte was performed for all 
reactors to investigate whether different microbial communities developed on the two 
cathode materials. Table S1 in the Supporting Information shows the community similarity 
results for all granules. All cathodic communities (both in biofilm and catholyte) were 
dominated by hydrogenotrphic methanogen (Methanobacterium), which has been found in 
many other studies (Cai et al. 2016a, LaBarge et al. 2017, Van Eerten-Jansen et al. 2013a), 
regardless of electrode material and inoculum source (Figure 4). Another hydrogenotrphic 
methanogen, namely Methanocorposculum, was detected 21 % in the catholyte of GG1. The 
GAC electrode samples showed a greater relative abundance of Proteobacteria 
(Deltaproteobacteria and Betaproteobacteria) with 14% for GAC1 and 47% for GAC2, 
relative to 8.7% for GG1 and 3.4 % for GG2, which may be related to the lower 
overpotentials measured for GAC. Exoelectrogens like Geobacter sp. belong to the 
Proteobacteria, the most common phylum of bacteria found on the anode of microbial fuel 
cells (Hasany et al. 2016). In another study (Liu et al. 2012), GAC has been proven to 
promote direct interspecies electron transfer in anaerobic microbial communities, although 
the mechanism was not explained. The question remains if direct electron transfer at the 
GAC biocathodes is the mechanism occurring here.  
 
Figure 4. Taxonomic distribution of microbial populations with >2% relative abundance by 
16S rRNA gene sequences. Samples from all four reactors were taken from: (a) biofilm on 
granular biocathodes (GAC1-E, GAC2-E, GG1-E, GG2-E); (b) suspended cells within the 
catholyte (GAC1-S, GAC2-S, GG1-S, GG2-S).  
  
0
10
20
30
40
50
60
70
80
90
100
GAC1-E GAC2-E GG1-E GG2-E
R
el
at
iv
e 
ab
u
n
d
an
ce
 (%
)
Other
Synergistetes
Deltaproteobacteria
Clostridia
Betaproteobacteria
Bacteroidia
Anaerolineae
Alphaproteobacteria
Methanospirillum
Methanosaeta
Methanocorpusculum
Methanobrevibacter
Methanobacterium
(a) (b)
0
10
20
30
40
50
60
70
80
90
100
GAC1-S GAC2-S GG1-S GG2-S
  
Chapter 3 
68 
 
OUTLOOK 
In this paper, we have shown that both GAC and GG are suitable cathode materials for high 
methane production rates in methane-producing BESs. The methane production rates 
achieved with GAC and GG at constant current were several times higher than the rates 
obtained with similar carbon-based electrodes in other studies(Geppert et al. 2016a) (Table 
1). In addition, the low overpotentials for GAC biocathodes indicate that mixed-culture 
biomes can effectively catalyze the production of methane and/or intermediates without the 
need for expensive electrode materials modified with special enzymes or chemicals. In 
general, the high methane production rates and low overpotentials observed in the current-
controlled systems with GAC biocathodes in our study hold great promise for the practical 
application of methane-producing BESs.  
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Table 1. Comparison of methane production rates for similar carbon-based electrodes in methane-producing BESs. 
Electrode 
Material 
Current Density 
 
Methane Production Rate 
 
Current-to-
CH4 
Efficiency 
(%) 
Cathode 
Potential 
(V vs. 
Ag/AgCl) 
Reference 
(A/m2catproj) (kA/m3cat) (LCH4/m2catproj/d) (m3 CH4/m3cat/d) 
Activated 
carbon 
granules 
10 0.67  15 1.0  54 -0.52 This study 
Activated 
carbon 
granules 
35 2.3  65 4.3  66 -0.58 This study 
Graphite 
felt 
0.21 0.070  0.13 0.045  23 -0.75 
(Van Eerten-
Jansen et al. 
2012) 
Graphite 
felt 
2.9 0.97  5.1 1.7  73 -0.9 
(van Eerten-
Jansen et al. 
2015) 
Graphite 
granules 
10 0.67  15 0.97  52 -0.9 This study 
Graphite 
granules 
35 2.3  62 4.1  67 -1.05 This study 
Graphite 
granules 
3.81 0.13  17 0.56  79 -1.13 (Villano et al. 2013) 
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A. Methane-producing BES setup 
 
 
 
 
 
 
Figure S1. Schematic depiction of the methane-producing BES in our study. Each reactor 
contained an anodic and a biocathodic chamber. The anode was a titanium plate covered 
with platinum-iridium (A). The anode chamber was filled with glass beads of a 7-mm 
diameter (Hecht-Assistent, Sondheim v. d. Rhön, Germany) (B) and a plastic spacer (Sefar 
Nitex 06-3300/59, Buffalo, NY, USA) (C) to protect the cation exchange membrane (D). 
The cathode chamber was fully filled with the cathode, GG or GAC (E), together with a 
plastic spacer (C). The electrons were supplied to the bed of granules from the external 
circuit via a graphite plate (working area of 22 cm2) (F). Both chambers had an inlet (G) 
and an outlet (H) with anolyte and catholyte flowing through the anodic and cathodic 
chamber, respectively.  
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B. 16S rRNA Miseq Sequencing Analysis  
Extracted DNA from selected samples was kept at -20 ºC for bacterial and archaeal 
community analyses. DNA was measured with a DeNovix DS-11 FX 
spectrophotometer/fluorometer (DENovix Inc., Wilmington, DE, USA) and the DNA 
concentrations (ca. 20 ng/µl) were used as PCR templates.  
The amplification of bacterial and archaeal 16S rRNA gene fragments was performed using 
a two-step PCR protocol. For the bacterial gene fragments, first PCR was done with 
universal primers 515f and 806r (Parada et al. 2015), while for the archaeal gene fragments 
universal primers 518f (Wang and Qian 2009) and 905r (Kvist et al. 2007) were used. The 
first PCR for both bacterial and archaeal 16S rRNA gene fragments was performed in a 
total volume of 50 µl, containing 2.5 µl of each forward and reverse primer, 0.5 µl (2 unit) 
of the DNA polymerase, 10 µl of 5 x HF-buffer, 1 µl (200 µM) dNTP mix, 1 µl of DNA 
template, and 32.5 µl of nuclease-free sterile water. The PCR program for bacterial 
amplification was as follows: a pre-denaturing step at 98 ºC for 3 min, followed by 25 
cycles at 98 ºC for 10 s, 50 ºC for 20 s, 72 ºC for 20 s, and a post-elongation step of 10 min 
at 72 ºC. For archaeal amplification, the PCR program was as follows: a pre-denaturing 
step at 98 ºC for 30 s, followed by 25 cycles at 98 ºC for 10 s, 60 ºC for 20 s, 72 ºC for 20 s, 
and a post-elongation step of 10 min at 72 ºC. PCR amplifications were carried out in 
technical duplicates.  
After positive amplification, the second PCR for both bacterial and archaeal 16S rRNA 
gene fragments was separately done using the same protocol in 100 µl, containing 10 µl of 
the bar-coded primer mix, 1 µl (2 units) of the DNA polymerase, 20 µl of 5 x HF-buffer, 2 
µl (200 µM) dNTP mix, 5 µl of DNA template, and 62 µl of nuclease free sterile water. The 
second PCR for both the bacterial and the archaeal gene fragments was carried out with 
eight-base specific barcodes as previously described (Hamady et al. 2008), using Phusion 
Hot start II High-Fidelity DNA polymerase (Themo Fisher Scientific, Waltham, MA, 
USA). PCR amplification was performed using a G-Storm cycler (G-storm, Essex, UK). 
The second PCR program was as follows: a pre-denaturing step at 98 ºC for 30 s, followed 
by 5 cycles at 98 ºC for 10 s, 52 ºC for 20 s, 72 ºC for 20 s, and a post-elongation step of 10 
min at 72 ºC. Bar-coded PCR products were checked for positive amplification on an 
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agarose gel and then were purified using CleanPCR kit system according to the 
manufacturer’s instructions (CleanNA, Alphen aan den Rijn, the Netherlands).  
DNA was quantified using a Qubit® dsDNA BR Assay Kit and a DeNovix DS-11 FX 
spectrophotometer/fluorometer (DENovix Inc., Wilmington, DE, USA). All samples were 
pooled in equimolar amounts (200 ng of DNA per sample) to create a library, which was 
then purified again with the CleanPCR kit to a final volume of 35 µl. The library was 
dispatched for paired-end Illumina MiSeq sequencing at GATC Biotech (Konstanz, 
Germany). 
16S rRNA gene Miseq sequencing data were analyzed using Galaxy/NG-Tax, an in-house 
pipeline, as previously described by Ramiro-Garcia et al. (Ramiro-Garcia et al. 2016). 
Paired-end libraries were filtered to obtain only read pairs with perfectly matching barcodes 
and those barcodes were then used to detach reads by the sample. The Silva 16S rRNA 
gene reference database (release 128) was used for the taxonomic classification (Quast et 
al. 2012). 
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Bray-Curtis Similarities 
The Bray-Curtis similarity is a useful coefficient to measure the resemblance between 
samples containing multivariate data (Somerfield 2008). Table S1 shows the Bray-Curtis 
similarities for the methane-producing BES reactors in our study. 
Table S1. Bray-Curtis similarities (%) between electrodes samples (E) and catholyte 
samples (S), taken from all the reactors after the operation at a current density of 35 
A/m2catproj. Darker shades indicate greater resemblance between samples.  
 
  
 GAC1-E GAC2-E GG1-E GG2-E GAC1-S GAC2-S GG1-S GG2-S 
GAC1-E  64 87 58 81 76 60 74 
GAC2-E 64  59 47 60 75 60 65 
GG1-E 87 59  52 76 65 60 65 
GG2-E 58 47 52  63 58 42 56 
GAC1-S 81 60 76 63  76 72 75 
GAC2-S 76 75 65 58 76  66 83 
GG1-S 60 60 60 42 72 66  66 
GG2-S 74 65 65 56 75 83 66  
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C. Additional Information on Performance 
(a) 
 
(b) 
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(c)  
 
Figure S2. Polarization curves acquired before inoculation (a), after inoculation on day 30 
(b) and day 90 (c) for all reactors. For bare electrode materials (Figure S2a), GAC had a 
less negative onset potential (about -0.7 V vs. Ag/AgCl) than GG (about -0.8 V vs. 
Ag/AgCl). In the presence of the catalytic effect of microorganisms on electrodes (Figures 
S2b and S2c), the onset potentials of the GAC biocathodes became more positive during 
operation. The current densities reached values that are in line with the results obtained 
during galvanostatically controlled operation. 
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Figure S3. pH values for anolyte and catholyte in all reactors after inoculation. Catholyte 
pH of all reactors fluctuated between 6 and 8 during the period with intermittent CO2 
supply, but became stable at 7 during the period with constant CO2 supply. All reactors 
shared the same anolyte with a stable pH of 2 throughout the whole experiment.  
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D. Energy Efficiencies for All Reactors 
Table S2. Measured anode and cathode potentials, cell voltages, current-to-methane efficiencies, voltage efficiencies and energy 
efficiencies for all four reactors at current densities of 10 and 35 A/m2catproj. Data represent the average ± standard deviation of four 
separate samples taken from each reactor within a period of 2 weeks.  
Current density 
(A/m2catproj) 
Reactor 
 𝑬𝒂𝒏,𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅  
(V vs. Ag/AgCl) 
𝑬𝒄𝒂𝒕,𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅  
(V vs. Ag/AgCl) 
𝑬𝒄𝒆𝒍𝒍 (V) 
 
𝛈𝐂𝐇𝟒 (%) 𝛈𝐯𝐨𝐥𝐭𝐚𝐠𝐞,𝐂𝐇𝟒 (%) 𝜼𝐞𝐧𝐞𝐫𝐠𝐲,𝐂𝐇𝟒(%) 
 
 
10 
GG1 1.73 ± 0.01 -0.92 ± 0.02 -3.09 ± 0.04 51.34 ± 2.08 37.29 ± 0.05 19.14 ± 0.75 
GG2 2.35 ± 0.04 -0.91 ± 0.01 -3.27 ± 0.03 53.31 ± 2.02 35.24 ± 0.34 18.78 ± 0.53 
GAC1 1.83 ± 0.01 -0.52 ± 0.01 -2.94 ± 0.02 54.48 ± 0.89 39.26 ± 0.33 21.38 ± 0.17 
GAC2 2.40 ± 0.01 -0.51 ± 0.01 -2.98 ± 0.06 54.15 ± 1.99 38.72 ± 0.84 20.98 ± 1.22 
 
 
35 
GG1 2.44 ± 0.10 -1.03 ± 0.06 -4.67 ± 0.07 65.37 ± 6.46 24.78 ± 0.50 15.99 ± 1.49 
GG2 2.61 ± 0.04 -1.07 ± 0.01 -5.02 ± 0.04 69.55 ± 7.23 22.70 ± 0.48 15.79 ± 1.67 
GAC1 2.64 ± 0.08 -0.58 ± 0.01 -4.76 ± 0.13 67.25 ± 8.72 23.77 ± 1.00 15.96 ± 2.02 
GAC2 2.55 ± 0.05 -0.59 ± 0.02 -4.78 ± 0.13 65.78 ± 10.51 23.55 ± 1.22 15.53 ± 2.70 
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E. Repeatability Tests for Achieving Low Cathode Overpotentials 
We restarted two new methane-producing BES reactors, using the same setups and 
operational conditions as the experiment described in this manuscript: clean packed bed of 
GAC cathode electrodes, anolyte and catholyte, inoculum, operational conditions (i.e., 
galvanostatically controlled operation with a current density of 5 A/m2catproj, continuous 
sparging with CO2, the circulating pump speed with 7 min/L for both anolyte and 
catholyte). During the experiment, the cathode potentials of these two GAC biocathodes 
(R1 and R2) were monitored, and the pH of the catholyte and anolyte was measured without 
controlling. Figure S4 (a) showed that both R1 and R2 again changed to less negative 
cathode potentials, which were similar as those results reported herein.  
To verify the measurement of cathode potential, another new Ag/AgCl reference electrode 
was inserted into the cathode chamber of the R1 as close as possible to the activated carbon 
granular bed. The cathode potential of R1 was about -0.43 V vs. Ag/AgCl (inside cathode 
compartment), which was even less negative than the cathode potential when the reference 
electrode was placed outside the cathode compartment: -0.54 V vs. Ag/AgCl. Such 
potential discrepancy might be due to the resistance of the catholyte and/or the resistance of 
the granular bed.  
After cathode potentials of these two GAC biocathodes were stable, these GAC biocathodes 
were tested under galvanostatically controlled operation at 5 A/m2catproj, firstly supplying 
them with a CO2/N2 gas mixture (20/80 by volume) at day 50, and then with pure N2 at day 
51. The pure N2 was used to flush away all dissolved CO2. With CO2 supply, methane is 
expected to be the main product for the GAC biocathodes, however, without CO2 supply, 
methane production would not be feasible, and hydrogen would be the main product. For 
the GAC biocathodes shown in Figure S4 (b), in absence of CO2, the cathode potential 
changed from -0.6 to -0.9 V, pointing out the low overpotential is related to methane 
production and not to hydrogen production. This decrease in cathode potential cannot be 
explained by the increase of catholyte pH, as there was only a minor change in pH (Figure 
S5 (b)). These results indicate that methane produced in our GAC biocathodes probably 
occurred via direct electron transfer rather than via indirect electron transfer (H2).   
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Figure S4. Overview of cathode potentials for two GAC biocathodes (a) during 50 days 
after inoculation; (b) during the test with CO2/N2 gas mixture at day 50 or the test only N2 
gas at day 51 (b).  
 
Figure S5. Overview of pH for two GAC biocathodes (a) during 50 days after inoculation; 
(b) during the test with CO2/N2 gas mixture at day 50 or the test only N2 gas at day 51.   
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Effect of Intermittent Current on the Performance of 
Methane-producing Bioelectrochemical Systems  
ABSTRACT 
Methane-producing bioelectrochemical systems (BESs) convert carbon dioxide into 
methane when supplied with external electricity. This technology provides an innovative 
approach for renewable electricity conversion and storage. Renewable electricity is known 
to be intrinsically intermittent. The effect of intermittent electricity supply on the 
performance of methane-producing BESs has only been scarcely investigated. This study 
investigated the effect of intermittent current on four mature biocathodes of methane-
producing BESs, by operating them under three different current supply modes (time-
ON/time-OFF: 4’- 2’, 3’- 3’, 2’- 4’), at two current densities (10 and 35 A/m2 catproj). Two 
cathode materials were used: graphite and activated carbon granules, both in a packed bed, 
to assess if electrode capacitance improves performance at intermittent current. Methane 
production rate was calculated during both time-ON and time-OFF periods, while current-
to-methane efficiency was only calculated by taking into account the time-ON period. Our 
results showed that methane production rates increased with longer time-ON modes for 
both materials. The current-to-methane efficiencies of all biocathodes at intermittent current 
were similar to those under constant current, with 50-60 % at 10 A/m2 catproj and 80-90 % at 
35 A/m2 catproj. After switching to continuous current supply, the biocathodes recovered 
their original performance directly. Our results show that methane-producing biocathodes 
are robust and can operate under intermittent current and no effect of capacitance on 
performance was observed. The capability of dealing with intermitttent current supply 
provides promise for methane-producing BESs as a renewable electricity conversion and 
storage technology.   
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INTRODUCTION 
The expansion of global energy demand results in an increasing utilization of fossil fuels, 
which leads to unwanted CO2 emissions (Rogelj et al. 2016). To mitigate CO2 emissions, 
the energy transition from fossil fuels to renewable energy is necessary. In the Energy 
Roadmap 2050 released by European Commission in 2011, the share of renewable energy 
in the final gross energy consumption will grow from 10% of today, to 30% in 2030, and at 
least 55% in 2050 (Roadmap 2011). The substantial rise of renewable electricity use, 
requires development of energy storage technologies (Roadmap 2011, Administration 2016, 
Weitemeyer et al. 2015), because large part of renewable electricity produced is fluctuating 
and intermittent due to the intermittent nature of wind and sun (Ellabban et al. 2014, 
Twidell and Weir 2015). 
Power to Gas (PtG) technologies have been reported as a flexible option to convert and 
store excess renewable electricity from the power grid (electricity) into the gas grid (CH4) 
(Bailera et al. 2017). CH4 can be generated by reduction of CO2 through thermochemical 
or biological methanation (Bailera et al. 2017). Methane-producing bioelectrochemical 
systems (BESs) are one form of biological methanation (Geppert et al. 2016). At the 
cathode of a methane-producing BES, CO2 is reduced to methane by methanogens. At the 
anode, water is oxidized to protons with electrons transferred to cathode through an electric 
circuit when electrical energy is supplied.  
Since the concept of methane-producing BESs has been shown in 2009 (Cheng et al. 2009), 
research has aimed at increasing the methane production rate and conversion efficiency. A 
variety of electrode materials with a wide range of properties have been compared for 
growing biocathode to optimize methane production (Siegert et al. 2014, Liu et al. 2017). 
Microbial community analyses suggest that methane-producing biocathodes are typically 
dominated by hydrogenotrophic methanogens (Van Eerten-Jansen et al. 2013, Cai et al. 
2016, Bretschger et al. 2015), e.g. Methanobacterium. Therefore, biocathodes inoculated 
with these hydrogenotrophic methanogens can promote fast start-up of biocathode and 
improve methane production rates (Siegert et al. 2015). Methane producing BESs have 
mainly been studied at constant external electricity supply. The electricity generated by the 
renewable sources (e.g. wind turbine) is, however, intermittent. Therefore, it is necessary to 
investigate whether methane-producing BESs can cope with intermittent electricity supply. 
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So far, one study has addressed methane generation after an open circuit period of 45 
minutes (Bretschger et al. 2015). It was found that the methane production rate decreased 
by 87% after this open circuit period, and it took 4 months before performance was back at 
the original level (Bretschger et al. 2015). To our best knowledge, no systematic research 
has been performed to study the effect of intermittent electricity supply on the performance 
of methane-producing BESs.    
Intermittent operation has been performed with capacitive anode electrode materials in the 
form of activated carbon granules for wastewater microbial fuel cells (MFCs) (Deeke et al. 
2015, Deeke et al. 2013) (Borsje et al. 2016). These capacitive bioanodes can store 
electrons generated by electroactive microorganisms in the charging period (open circuit), 
and afterwards, these stored electrons could be harvested in the discharging cell (closed 
circuit). Introducing biocathodes with this capacitive property (storage of electrons) might 
also benefit methane-producing BESs operated with intermittent electricity supply. The 
possible advantages of capacitive electrodes for biocathodes could be: (i) storage of 
electrons in the electrical double layer during the current time-ON, that can be used when 
current is switched off, so that capacitance acts as an electron buffer when current peaks 
occur; (ii) providing high surface area for biofilm growth, which could mitigate the 
overpotential in biocathodes, as shown in Chapter 3 in this thesis.     
The aim of this research is to investigate the effect of intermittent current supply on the 
performance of the methane-producing BESs. Three intermittent current supply modes with 
time-ON/time-OFF (4’- 2’, 3’- 3’ and 2’- 4’) were performed at two different current 
densities (10 and 35 A/m2 catproj). These experiments were performed on two types of 
packed bed of materials: activated carbon granules (GAC) and graphite granules (GG), to 
compare the effect of intermittent current supply on capacitive electrodes versus non-
capacitive electrodes. Methane production rate (L CH4 /m2 catproj/d) and current-to-
methane efficiency (%) were analysed to assess the performance of methane-producing 
BESs.  
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MATERIALS AND METHODES 
Methane-producing BES set-up 
In this study, four bioelectrochemical reactors were operated. Each reactor had two 
chambers separated by a cation exchange membrane (FumaTech GmbH, Germany) with a 
working surface area of 22 cm2. Each anodic or cathodic chamber had a working volume of 
33 cm3 (11 cm × 2 cm × 1.5 cm). Two types of carbon granules were used as cathode 
electrode materials, each material operationed in duplicate: activated carbon granules 
(Norit® PK, 1-3 mm diameter; cathode compartment of cell 1 (PK1) containing a total 
weight of 8.5 g and PK2 8.4 g), and graphite granules (Carbone Lorraine Benelux BV, 3-5 
mm diameter; cathode compartment of cell 1 (GG1) containing a total weight of 26 g and 
GG2 29.2 g). A platinum and iridium coated titanium plate (Magneto Special Anodes BV, 
The Netherlands) was used as the anode electrode. To ensure good contact between cathode 
granules and current collector, the anode chamber was fully filled with glass beads of 7 mm 
diameter (VWR, Hecht-Assitent, Germany), covered with a plastic spacer on the side of the 
membrane. A schematic overview of the experiment set-up is shown in Figure 1. The 
experiment was operated inside a temperature-controlled cabinet at 30℃.  
 
Figure 1. Schematic overview of the experimental set-up. 
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The cathode chamber of each reactor was connected to a gas-liquid separation bottle (60 
mL) where the gas outflow passed through its headspace (15 mL) and was finally collected 
by a gas bag (2 L, Cali-5-BondTM, Calibrated Instruments INC). The headspace had an 
open pot fitted with a rubber stopper for gas sampling. The liquid phase of the gas-liquid 
separation bottle connected with a recirculation bottle (500 mL). In order to keep the 
catholyte with sufficient CO2 and stable pH simultaneously, the catholyte in the 
recirculation bottle was continuously sparged with CO2. The excess CO2 went through a 
water lock and was released into the environment. All anode chambers were connected to 
the same anolyte recirculation bottle (5 L) which was sparged continuously with N2 to 
remove the O2 produced in the anodes. The inflow of each chamber contained a liquid 
sampling valve where samples were taken for pH and volatile fatty acid analyses. 
Reference electrodes (Ag/AgCl 3M KCl, ProSenseQiS, Netherlands) were used in both 
cathodic and anodic chambers for each reactor. 
Source of microorganisms and electrolytes 
All cathode chambers were inoculated at the same time with 10 mL of anaerobic sludge 
(50% granular sludge from the anaerobic treatment of paper industry wastewater in 
Eerbeek, The Netherlands and 50% granular sludge from the anaerobic treatment plant in 
Ede, The Netherlands). The volatile suspended solids (VSS) of the inoculum was 12.9 ± 1.3 
g/L. The catholyte used in this experiment was composed of 0.2 g/L NH4Cl, 0.13 g/L KCl, 
50 mM phosphate buffer (2.77 g/L NaH2PO4·2H2O and 4.58 g/L Na2HPO4), 1 mL/L 
vitamin(Wolin et al. 1963) and 1 mL/L mineral solution(Wolin et al. 1963). The 
anolyte used in this experiment was composed of 50 mM phosphate buffer (same as used in 
the catholyte). The anolyte and catholyte in all reactors were constantly recirculated at a 
rate of 7 mL/min.  
Methane-producing BES Operation 
All biocathodes were controlled galvanostatically by a potentiostat (Ivium n-stat with 
IviumSoft v2.462, Eindhoven, The Netherlands), at a current density of 5 A/m2, afterwards 
10 A/m2 and finally 35 A/m2. Experimental conditions are shown in Figure 2. For 
intermittent operations, a cycle time of 6 minutes was carried out using three different 
current time-ON/time-OFF ratios: 4’ – 2’, 3’ – 3’ and 2’ – 4’. Each intermittent operation 
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lasted for 20 h and was performed twice. After intermittent operations, all biocathodes were 
supplied with constant current supply for 20 h again to investigate whether intermittent 
operation would affect biological activity.   
 
Figure 2. Overview of experimental conditions that were carried out for four methane-
producing BES reactors. The numbers inside the box represents current density supplied to 
the biocathode. During those phases under current densities of 10 and 35 A/m2catproj, the 
intermittent current supply modes were performed.  
Analytical methods 
At the end of each operation, the gas composition (i.e. CH4, H2, O2, CO2 and N2) in the 
headspace of each methane-producing BES reactor was quantified by two types of gas 
chromatography: HP 5890A gas chromatograph (to measure H2) and Finsons Instruments 
GC 8340 gas chromatography (to measure CH4, CO2, O2 and N2). The total gas volume 
inside the gas bags was quantified by emptying the gas bags with a syringe. The methane 
production rate of each biocathode during each operation was calculated using the 
following equation:  
𝛾𝐶𝐻4−𝐴 =
VT×CCH4
𝐴𝑝𝑟𝑜𝑗×𝑡
                                                                                                        (1) 
Where 𝛾𝐶𝐻4−𝐴 (L CH4/m
2 catproj /d) represents methane production rate normalized to the 
projected surface area of the cathode electrode; VT (L) is the total volume by summing up 
the volume of the gas bag (as measured with syringe) and the headspace (0.015 L); 
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CCH4(%) is the methane fraction in the headspace; 𝐴𝑝𝑟𝑜𝑗(𝑚
2) is the projected surface area 
of the cathode electrode; t (d) is the duration of each operation (including both current time-
ON and time-OFF periods).  
Current-to-methane efficiency (%) for within each operation indicates which percentage of 
the electrons consumed to produce methane (Liu et al. 2016).  
η𝐶𝐻4 =
NCH4×𝑛𝐶𝐻4×F
∫ I dt
t
t=0
                                                                                          (2) 
F is the Faraday constant (96485 C/mol e-); NCH4 (mol) is total moles of CH4 produced; 
nCH4 is moles of electrons per mole of CH4 (n=8); I (A) is the current; t (s) is the total 
current time-ON period (when the current was supplied to the biocathode) within each 
operation.  
In addition, catholyte samples of 2 mL was taken from each methane-producing BES 
reactor for VFA analysis. The liquid sample was firstly pre-treated by centrifuged for 10 
minutes at 10, 000 RPM, and then diluted with 15% formic acid in the sample vial. Finally, 
VFA concentration of each liquid sample was measured by using a gas chromatograph 
(Agilent 7890B) equipped with flame ionization detector and capillary column (HP-FFAP, 
25M x 0.32mm x 0.5µm).   
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RESULTS AND DISCUSSION 
Methane production was related to total charge provided. After all the biocathodes 
achieved a stable methane production rates at a constant current supply of 10 A/m2catproj, 
intermittent current (at the same current density) was supplied to all biocathodes with three 
different time intervals: 4’-2’, 3’-3’ and 2’-4’. Methane production rate of each biocathode 
is shown in Figure 2a, calculations based on the overall period of each operation (20 h). 
Higher current time-ON/time-OFF interval supplied to the biocathodes resulted in higher 
methane production rates, with 9.5 L CH4/m2 catproj/d at 4’-2’, 5.5 L CH4/m2 catproj/d at 3’-
3’ and 4.0 L CH4/m2 catproj/d at 2’-4’. 
When the current density was increased from 10 to 35 A/m2catproj, the methane production 
rate at continuous current supply increased from 15 L CH4/m2 catproj/d at 10 A/m2 (Figure 
3a) to 90 L CH4/m2 catproj/d at 35 A/m2 (Figure 3b). As galvanostatic control was used, the 
current density supplied to the biocathode was directly related to the methane production 
rate. When current supply was switched from constant to intermittent mode for all 
biocathodes, an increase in methane production rate was observed along with increasing 
time-ON/time-OFF ratios, same as for 10 A/m2. Moreover, we compared our experimental 
data with the theoretical data calculated according to different current time-ON/time-OFF 
ratios (Figure S2 in Supporting Information). The close fit between measured and 
calculated data shows that methane generation is directly linked to the charge provided to 
the biocathode, for both GG and GAC.  
Finally, we operated all biocathodes at constant current density of 60 A/m2catproj. Methane 
was the main product for all biocathodes, but also substantial amounts of hydrogen were 
found for both GG and GAC biocathodes (Figure S3. in SI section C). These results suggest 
that when GAC biocathodes receive higher currents, the electrons that could not be diverted 
to methane were not stored in GAC biocathodes but rather utilized to produce hydrogen.  
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Figure 3. Methane production rates for all biocathodes when they were supplied with 
constant current and intermittent current. Three different current time-ON/time-OFF 
intervals (4’ – 2’, 3’ – 3’ and 2’ – 4’) were carried out. The current density during the 
current time-ON was 10 A/m2catproj (a) and 35 A/m2catproj (b). For each operational 
condition, duplicate experiments were performed. The standard deviations are shown as an 
error bar, whereas the average value is shown as a column.   
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Intermittent current operation does not influence biocathode activity. At a current 
density of 10 A/m2catproj, all biocathodes had a similar current-to-methane efficiency of 50-
60% (Figure 4a), at different current time-ON/time-OFF intervals. When the current density 
was increased from 10 to 35 A/m2catproj, the current-to-methane efficiency was also constant 
with a slight decrease along with the longer time-OFF intervals. The current-to-methane 
efficiency at a continuous current supply with 35 A/m2catproj, was much higher (about 90%) 
(Figure 4b) than those at 10 A/m2 (Figure 4a). These high cathodic efficiencies obtained at 
the current density of 35 A/m2catproj, is also higher than the cathodic efficiency achieved at 
the same continuous current density reported in Chapter 3. This discrepancy could be due to 
the different durations between headspace sampling: 20 h in this study and 3-4 days in 
Chapter 3. Shorter duration between headspace sampling would help mitigate electrons loss 
via H2 or O2 leakage from the joints of the experimental set-up. To conclude, current-to-
methane efficiency (%) remained quite stable under the different current supply modes at 
10 A/m2, and showed a slight decrease with increasing OFF-time at 35 A/m2. 
After these intermittent operations, the methane production of each biocathode was 
quantified, for an additional operation of 20 h with constant current supply, to study if 
initial activity was restored after intermittent operation. As shown in Figure 4, biocathodes 
were not seriously affected during the intermittent operation at these two current densities 
of 10 and 35 A/m2catproj, the current-to-methane efficiencies of all biocathodes after 
intermittent operations were similar to those at constant current supply.  
When comparing performance of GAC to GG, we observed that differences between 
replicates were larger than differences between cathode materials during these intermittent 
operations. GAC1 and GG1 biocathodes had, consistently, 10-15% higher current-to-
methane efficiencies than GAC2 and GG2 biocathodes. The reason why duplicate 
biocathodes were different could be due to the difference in biofilm maturity between the 
first (GAC1 and GG1) and second (GAC2 and GG2) set of reactors, as the first set of reactors 
had been operated 40 days longer than the second set of reactors. 
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Figure 4. Current-to-methane efficiencies (%) for all reactors when they were supplied with 
constant and intermittent current. Three different current time-ON/time-OFF ratios (4’ – 2’, 
3’ – 3’ and 2’ – 4’) were carried out. The current density during the current time-ON was 
10 A/m2catproj (a) and 35 A/m2catproj (b). For each operational condition, duplicate 
operations were performed. The standard deviations are shown as an error bar, whereas the 
average value is shown as a column.  
GAC biocathodes did not show advantages over GG under intermittent current 
supply operations. Studies on bioanodes have shown that GAC can store charge in the 
electric double layer when used in Microbial Fuel Cells (Deeke et al. 2015, Borsje et al. 
2016, Lu et al. 2015, Liu et al. 2014), whereas graphite granules with low capacitance do 
not show this charge storage behavior. The GAC biocathode was found to have 2000-3000x 
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higher capacitance than the GG biocathode, as determined from charge-discharge 
experiments (Figure S1 in supporting information). This higher capacitance of GAC 
biocathodes could result in less fluctuation in cathode potential, and as a possible electron 
buffer, than that in GG biocathodes during intermittent operations (Borsje et al. 2016). As 
shown in Figure 5, the cathode potentials of GAC biocathodes during intermittent current 
kept stable around -0.5 V, whereas the cathode potentials of GG biocathodes changed in the 
range from -0.6 V to -1.0 V. Besides the cathode potentials, no considerable differences 
were observed between the two materials (GAC1 and GG1; GAC2 and GG2) at intermittent 
current supply in terms of methane production rate (Figure 3) and current-to-methane 
efficiency (Figure 4). These results indicated that the fluctuations of cathode potentials, 
especially in GG biocathodes, did not negatively affect the biological activity of these 
methane-producing biocathdoes.  
Although there is no difference between GAC and GG biocathodes during intermittent 
operation, the use of GAC as the cathode electrode material for methane-producing BESs 
still brings advantages in terms of energy efficiency, which is defined as the part of the 
applied electrical energy that ends up in CH4. One the one hand, this energy efficiency is 
higher as a result of the less negative cathode potential of -0.5 V observed for GAC 
biocathodes compared with GG bicathodes (-0.9 V), On the other hand, GAC biocathodes 
produced less hydrogen and more methane than GG biocathodes at high current density of 
60 A/m2catproj. The reason could be that the cathode potentials for GAC biocathodes still 
kept at around -0.6 V, whereas the cathode potentials for GG biocathdoes became even 
more negative to about -1.1 V.  
Our results show that methane-producing biocathodes were robust under certain 
intermittent conditions, rather than very sensitive to open-circuit as concluded by 
Bretschger et al. (Bretschger et al. 2015). The capability of dealing with intermitttent 
current supply is a promising feature for application of methane-producing BESs for 
renewable electricity storage.  
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(a)                                                                 (b) 
 
 (c)                                                                     (d)                                                              
 
      (e)                                                                    (f)  
 
Figure 5. Overview of cathode potentials from all biocathodes within one typical cycle (6 
min) of intermittent operations at current density of 10 (a, c and e) and 35 A/m2catproj (b, d 
  
Chapter 4 
 99 
 
and f). During the period with current time-ON, the cathode potentials of GG biocathodes 
became more negative in the range of -0.8 V to -1.0 V. However, during the period with 
current time-OFF, the cathode potentials of GG biocathodes became less negative in the 
range of -0.6 V to -0.7 V. Moreover, higher changed in the cathode potentials was observed 
at the current density of 35 A/m2catproj, instead of 10 A/m2catproj. In the intermittent 
operations, the cathode potentials of GAC biocathodes kept stable around -0.5 V.  
 
ASSOCIATED CONTENT 
The Supporting Information is available at the end of this chapter.  
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SUPPORTING INFORMATION  
 
 
 
 
 
Effect of Intermittent Current on the Performance of 
Methane-producing Bioelectrochemical Systems 
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A. Capacitance test: methodology and results 
The capacitance of granular electrodes was determined by performing galvanostatic charge-
discharge test. During the charging phase, a negative current was supplied to the electrode. 
On the contrary, the discharge phase was done at a positive current in order to extract the 
electrons. These tests were performed both before and after biofilm growth, respectively. 
For capacitance test before inoculum, the current used for both GAC and GG cathodes was 
± 30 mA within a cathode potential range of -0.5 V to -0.7 V vs. Ag/AgCl. For capacitance 
test after inoculum, same currents and potential boundaries were used for GG biocathodes, 
while for GAC biocathodes the charge and discharge currents were -70 mA and 50 mA 
with potential boundaries of -0.2 V and -0.4 V vs. Ag/AgCl, respectively. That GAC 
biocathodes need different charge-discharge current and potential windows compared with 
GG biocahtodes, is due to its high capacitive property and methane production occurs in the 
range -0.5 V to -0.7 V vs. Ag/AgCl. One the one hand, the high capacitance of GAC 
biocathodes leads to a longer period of charge-discharge phase, which can be shortened by 
increasing the current used in charge-discharge phase. On the other hand, the capacitance 
tests should be performed outside the potential range, without happening any faradic 
reaction because faradic charge transfer can affect the real value of capacitance.  
Specific capacitance (F/g) was calculated from galvanostatic charge-discharge curve, with 
the following formula in either the charge or discharge phases: 
Capacitance =
𝐼 × t
∆E(t)×m 
 = 
𝐼 × t
(Ef−Ei)×𝑚
                                                                        (1) 
where I is the charge/discharge current (A), t is the charge/discharge time (s). ∆E(t) is the 
potential difference between the final (Ef) and initial time (Ei) of charge/discharge phase 
(V),  m is the mass of the granular electrode bed (g).  
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Figure S1. Capacitance values for abiotic and biotic tests with all reactors over a period of 
71 days. In general, GAC cathodes had higher capacitances than GG cathodes. When no 
biofilm was present (abiotic), the values obtained were 38 F/g and 46.7 F/g for GAC1 and 
GAC2 and 0.014 F/g and 0.015 F/g for GG1 and GG2 respectively. When biofilm grew on 
the cathodes (biotic), capacitances of GAC biocathodes were lower under biotic conditions 
than under abiotic conditions. The average capacitance values for biotic tests were 29 F/g 
and 42.1 F/g for GAC1 and GAC2 and 0.025 F/g and 0.018 F/g for GG1 and GG2, 
respectively. The differences between biotic and abiotic capacitance values in GAC 
cathodes could be explained by biofilm blockage of inner pores of the GAC. This could 
probably lead to ion diffusion limitation, preventing the formation of the electrical double 
layer within the pores.  
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B. Comparision of methane prouction rates between experimental data 
and theoretical resutls.  
 
 
Figure S2. Overview of methane production rates of four biocathodes at different current 
supply modes: constant current (On) and intermittent current. Three different current time-
ON/time-OFF ratios (4 - 2, 3 - 3 and 2 - 4) were carried out. The methane production rates 
of experimental data are shown as filled circles, while the methane production rates of 
theoretical data calculated according to different current time-On/time-OFF ratios are 
decapitated as solid line. The calculation assumed that the methane production rate at 
constant current supply of 35 A/m2catproj was same for both experimental data and 
theoretical data. The theoretical data meet the experimental data, which indicates a liner 
relationship between the amount of methane produced in biocathodes and the current time-
ON/time-OFF ratios.  
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C. Substantial hydrogen production at a higher current density of 60 
A/m2catproj. 
 
Figure S3. Current-to-product efficiencies (%) of all biocathodes at constant current supply 
of 60 A/m2catproj. This test lasted for 25 days in total, which was carried out at the end of 
our experiment. Compared with the results obtained at current densities of 10 and 35 
A/m2catproj, GAC biocathodes started to produce detectable hydrogen, whereas GG 
biocathodes produced substantially at higher current density of 60 A/m2catproj. 
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Bioelectrochemical enhancement of methane production in 
low temperature anaerobic digestion at 10 °C 
ABSTRACT 
Anaerobic digestion at low temperature is an attractive technology especially in moderate 
climates, however, low temperature results in low microbial activity and low rates of 
methane formation. This study investigated if bioelectrochemical systems (BESs) can 
enhance methane production from organic matter in low-temperature anaerobic digestion 
(AD). A bioelectrochemical reactor was operated with granular activated carbon as 
electrodes at 10 ℃. Our results showed that bioelectrochemical systems can enhance CH4 
yield, accelerate CH4 production rate and increase acetate removal efficiency at 10 ℃. The 
highest CH4 yield of 31 mg CH4-COD/g VSS was achieved in the combined BES-AD 
system at a cathode potential of -0.90 V (Ag/AgCl), which was 5.3 to 6.6 times higher than 
that in the AD reactor at 10 ℃. CH4 production rate achieved in the combined BES-AD 
system at 10 ℃ was only slightly lower than that in the AD reactor at 30 ℃. The presence 
of an external circuit between the acetate-oxidizing bioanode and methane-producing 
cathode provided an alternative pathway from acetate via electrons to methane, potentially 
via hydrogen. This alternative pathway seems to result in higher CH4 production rates at 
low temperature compared with traditional methanogenesis from acetate. Integration of 
BES with AD could therefore be an attractive alternative strategy to enhance the 
performance of anaerobic digestion in cold areas. 
 
 
 
 
 
This chapter has been published as: Liu, D., Zhang, L., Chen, S., Buisman, C. and ter 
Heijne, A. (2016a) Bioelectrochemical enhancement of methane production in low 
temperature anaerobic digestion at 10 °C. Water Research 99, 281-287. 
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INTRODUCTION 
Anaerobic wastewater treatment is an attractive technology that recovers energy in the form 
of CH4, has low excess sludge production, and low operational cost (Speece 2008). For 
anaerobic digestion, mesophilic conditions (25-37 ℃) and thermophilic conditions (55-
65 ℃) are required to ensure optimal microbial activity (Hussain and Dubey 2015). Many 
types of wastewater are discharged at low temperature, however, such as wastewater from 
malting, breweries, soft drink industry and domestic sewage, with typical temperatures 
around 10-20 ℃ (Lettinga et al. 2001). As low temperature leads to low activity and low 
growth rate of methanogens, and consequently to low CH4 production rate, strategies are 
needed to improve methanogenic activity of anaerobic sludge (Zhang et al. 2013c, Álvarez 
et al. 2004, Mahmoud et al. 2004). CH4 production at 10 ℃ is at this moment unfeasible. In 
order to keep CH4 production and wastewater treatment at a high rate in a cold area or 
during cold months, many anaerobic digesters are heated up to mesophilic conditions. 
However, this requires expensive heating and insulation systems, which makes it not 
practical and uneconomical (Witarsa and Lansing 2015). Use of electrodes instead of 
heating up could provide an alternative, cost-effective strategy to enhance performance of 
anaerobic digesters.   
Methane-producing bioelectrochemical systems (BESs) are of special interest as a 
promising “power to gas” technology for renewable energy storage (Cheng et al. 2009, 
Villano et al. 2010, Van Eerten-Jansen et al. 2012). In this system, different types of 
electron donors (e.g. organic matter contained in waste streams) can be oxidized at the 
anode, and when electrical energy is supplied to the system, the released electrons can be 
transferred to the cathode to produce CH4 from CO2. Reduction of CO2 to CH4 can occur 
via two pathways: direct, using electrons and protons (H+) and indirect, where protons are 
first reduced to H2, and H2 is used to reduce CO2 in the presence of hydrogenotrophic 
methanogens (Villano et al. 2010).  
BESs have been integrated with anaerobic digestion to enhance CH4 formation at 
mesophilic conditions (20 – 40 ℃). Compared to the digesters without electrodes, 
integrating these two technologies has been shown to lead to enhanced CH4 production 
rates (Feng et al. 2015, Tartakovsky et al. 2011, Zamalloa et al. 2013). Moreover, control 
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experiments with electrodes but without an additional electrical energy supply also resulted 
in increasing CH4 yield and rate, as a result of enhanced biofilm attachment (De Vrieze et 
al. 2014). Also, it was shown that hydrogenotrophic methanogens and exoelectrogens (e.g. 
Geobacter sp.) were enriched, especially on the cathode electrode, when integrating BES 
with AD. This also enhanced CH4 production rate in anaerobic digestion of waste activated 
sludge at 20-25 ℃ (Liu et al. 2016b). The integration of BES in anaerobic digestion at low 
temperature (< 20 ℃), however, has not been studied. While bioanodes have been shown to 
produce current at low temperature (< 20 ℃), albeit at lower rates than at mesophilic 
conditions, the cathodic production of CH4 at low temperature has not been reported before.   
At low temperature (< 20 ℃), fatty acids are accumulated as a result of low methanogenic 
activity. Hydrogenotrophic methanogenesis is far less temperature-sensitive than 
acetoclastic methanogenesis (Enright et al. 2009), and the growth of hydrogenotrophic 
methanogens can be stimulated by a moderate release of small amount of hydrogen at the 
cathode electrode (Liu et al. 2016b, Yang et al. 2013). Instead of producing CH4 through 
the traditional route of acetoclastic methanogenesis and hydrogenotrophic methanogenesis, 
including elecrodes in the system could result in a new route for methanogenesis, created 
via the bio-anode (Figure 1a): acetate is oxidized while generating electrons and protons 
(Lu et al. 2011), which, with input of electrical energy can be reduced to H2 or CH4 at the 
biocathode(van Eerten-Jansen et al. 2015). The different routes via which CH4 can be 
produced from acetate in this combined BES-AD system are summarized in Figure 1b.  
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(a) 
 
(b) 
 
Figure 1. (a) Process scheme of the single chamber BES-AD system. (b) Overview of main 
reactions involved in BES-AD system. R1: hydrogenotrophic methanogenesis (H2 CH4); 
R2: Acetoclastic methanogenesis (acetate  CH4); R3: Acetogenesis and 
homoacetogenesis, which were specially focused on syntrophic oxidation of acetate to CO2 
and H2, and acetate production from CO2 and H2. R4: Oxidation of organic matter by 
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Anode-Respiring Bacteria at anode electrode (herein acetateelectrons); R5: H+ reduction 
to H2 at cathode electrode; R6: Direct electron up-take by methanogens (electronsCH4). 
The objective of this study was to investigate whether a methane-producing BES could 
enhance CH4 production rate in low-temperature (10 ℃) anaerobic digestion. Energy input 
in terms of electricity in this combined BES-AD system was also investigated. Acetate was 
used as a model substrate. The results were compared to reactors without external voltage 
and in the presence of electrodes at 10 ℃, and to anaerobic digestions alone (control 
reactors without electrodes) at different operational temperatures (10 ℃, 15 ℃ and 30 ℃).   
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MATERIALS AND METHODS 
BES-AD system. The experiment was carried out in reactors constructed by assembling 
rectangular Perspex frames. These frames had internal cylindrical volume of 28 
mL(dimensions: 3.0 cm diameter×4.0 cm length) , and the reactor had a 8.0 mL gas 
collection tube (Figure 2.). The solution (20 mL) in each reactor was continuously stirred 
with a magnet. For the BES-AD reactor, an anode and cathode electrode compartment were 
made on both sides of the chamber in one reactor. The electrodes were made of granular 
activated carbon(1.5 g, 875 m2/g, Norit PK 1-3) and were packed in a cylindrical cage (3.0 
cm diameter×6.0 mm length), and were separated from the chamber with a spacer 
(SEFAR, PROPYLTEX). A graphite rod was inserted in both anode and cathode 
compartments as a current collector. Potentials were measured and were reported in this 
paper versus Ag/AgCl reference electrode (Ag/AgCl 3M KCl, ProSenseQiS, QM 710X, 
Netherlands) placed in the chamber. For the AD reactor, the spacer and electrodes were 
replaced with the same volume of a rubber sheet leading to the same internal volume as 
BES-AD system.  
 
Figure 2. Experimental setup of the BES-AD reactor 
Inoculum and medium. Each reactor was filled with 15mL of anaerobic sludge as 
inoculum. The anaerobic sludge was taken from a digester (35 ℃) in the UASB-digester 
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system treating domestic sewage (Zhang et al. 2013a). The volatile suspended solids 
concentration of the inoculum was 5.9±0.20 g VSS/L. Each reactor was filled with 5mL of 
concentrated medium (12.8 g/L CH3COONa, 0.80 g/L NH4Cl, 0.54 g/L KCL, 18.32 g/L 
Na2HPO4, 11.08 g/L NaH2PO4·2H2O, 0.80 mL of Wolfe’s micronutrients (Clauwaert and 
Verstraete 2009), including vitamin and mineral solution ). After mixing well with the 
inoculum, the concentration the solution in each reactor was 3.2 g/L CH3COONa, 0.05 g/L 
NH4Cl, 0.032 g/L KCL, 50mM phosphate buffer (4.58 g/L Na2HPO4, 2.77 g/L 
NaH2PO4·2H2O), 0.20 mL of Wolfe’s micronutrients. All of the chemicals used in this 
study were from Merck, Germany. The medium was flushed with N2 (99.99%) for 30 
minutes prior to each experiment to provide anaerobic conditions.  
Operational conditions and start-up. Five anaerobic reactors were operated in the 
conditions as shown in Table 1. One reactor (BES-AD-10) was operated at 10 ℃ with BES 
in which the cathode potential was controlled at -0.90 V. One reactor (BES-ADC-10)  was 
operated as a control at 10 ℃, with electrodes but without an electrical connection via the 
potentiostat (open circuit condition). Three other control reactors (ADC-10, ADC-15, 
ADC-30) were operated at 10, 15 and 30 ℃ to determine CH4 production rates for AD 
without electrodes. Low temperature digesters were operated in a fridge at 10 and 15 ℃, 
and the digester at 30 ℃ was located in a temperature controlled cabinet.  
Table 1. Overview of experimental conditions at which the reactors were operated. 
Reactor BES-AD-10 BES-ADC-10 ADC-10 ADC-15 ADC-30 
Temperature (℃) 10 10 10 15 30 
Electrode materials +a + -b - - 
Cathode potential(V) -0.9 0 0 0 0 
a. Reactor was equipped with activated carbon granules. 
b. Reactor was without any activated carbon granules. 
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To start-up the bioanode for the BES-AD-10 reactor, the anode was set at 0 V vs. Ag/AgCl 
using a potentiostat (Ivium with IviumSoft v2.462, Eindhoven, The Netherlands) to 
cultivate electroactive bacteria oxidizing acetate. After running for 4 weeks, the anode 
potential reached around -0.35 V at open circuit conditions, and the cultivation of the 
bacteria oxidizing acetate was considered to be completed (Wang et al. 2009). In the BES-
AD-10 reactor, afterwards, the cathode potential was controlled at -0.90 V with the 
potentiostat.  
No anaerobic sludge was added in the following batches. At the end of each batch, part of 
the reactor solution (5 mL) was replaced by the same amount of concentrated medium (see 
section 2.1.2 for the concentrated medium composition). Each batch lasted for 2 weeks. 
Three sequential batches in total lasted around 41 days. 
Gas production.  CH4 and H2 were analysed by Gas chromatograph with the same 
conditions as described in the literature (Van Eerten-Jansen et al. 2012). CH4 yield and 
production rate were calculated with the following equation:  
Cumulative CH4 yield (mg CH4-COD/gVSS): 
 𝑌𝐶𝐻4 = 𝐶𝐶𝐻4 ∙
𝑃𝑉
𝑅𝑇
∙
4×𝑀𝐶𝐻4
𝐶𝑣𝑠𝑠×𝑉𝑠𝑙𝑢𝑑𝑔𝑒∗1000
                                                                                      (1) 
Where CCH4 is concentration of CH4 in the headspace (%) which was measured by gas 
chromatography, same as (Van Eerten-Jansen et al. 2012); P is the gas pressure of the 
reactor (Pa) and it was measured periodically by gas pressure meter (GMH 3151, 
Germany); V is the volume of headspace (16 mL) of each reactor; R is gas constant value 
(8.314 m3 Pa/mol K); T is the temperature in Kelvin; 4: per g of CH4 equals to 4 g COD; 
MCH4  is the molecular weight of CH4 (16 g/mol); Cvss is the concentration of volatile 
suspended solids (5.9±0.20 g/L); Vsludge is the volume of sludge in each reactor (15 mL). 1 
mg CH4-COD is equal to 0.35 mL CH4 at standard conditions with a temperature of 273.15 
K and an absolute pressure of 1 bar. 
CH4 production rate (mg CH4-COD/(gVSS·d)) was calculated by dividing the CH4 yields 
with the time period between the two sampling points.  
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Substrate consumption. Acetate concentration was measured by Gas chromatograph 
(HP5890 seriesⅡGC, Germany) same as in the literature (Van Eerten-Jansen et al. 2013c). 
Acetate removal efficiencies were calculated using equation:  
𝑅 =
𝐶𝑡−𝐶𝑡−1
𝐶𝑡−1
× 100                                                                                                               (2)                                          
Where Ct and Ct-1 are the acetate concentration (mg/L) on sample time t and previous 
sample time t-1.  
The CH4 production efficiency was determined by the produced CH4 over removed acetate.    
Coulombic and cathodic CH4 recovery efficiency. Current of the reactors was recorded 
each minute by the potentiostat. The average current per hour was used to calculate 
volumetric current density (I/V, where V is the working volume of the BES-AD-10 reactor, 
20 mL).  
Performance of the BES-AD reactor was evaluated by two kinds of efficiencies: namely 
coulombic efficiency and cathodic CH4 recovery efficiency. Coulombic efficiency(ηCE) 
represents the ratio of electrons measured as electric current over the electrons available 
from the removed substrate (Feng et al. 2015), as shown in the following equation:  
 𝜂𝐶𝐸 =
∫ 𝐼 𝑑𝑡
𝑡
0
(𝐶1−𝐶0)∗
𝑉/1000
𝑀𝐴𝑐
∗𝐹∗𝑛
× 100%                                                                                                 (3) 
Cathodic CH4 recovery efficiency is the efficiency of capturing electrons from the electric 
current in CH4, via following equation:  
𝜂𝐶𝐻4 =
𝑛𝐶𝐻4∗𝐹∗𝑛
∫ 𝐼𝑑𝑡
𝑡
0
× 100%                                                                                                   (4)                                                
Where MAc is the molar weight of acetate (60 g/mole),nCH4 is CH4 production (mole), F is 
the Faraday constant (96485 C/mole e-), n is the moles of electrons per mole of CH4 
(8moles e-/ mole CH4), I is current (A), and t is time (s).  
Polarization curves. Bioelectrochemical activity of the cathode in the BES-AD-10 reactor 
was investigated by polarization curves. These measurements were performed at the end of 
each batch and were also done for a control cathode, in (the same BES-AD-10 reactor with 
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fresh medium but without inoculum). The cathode potential was decreased from -0.80 V to-
1.1 V with steps of 0.050 V, each cathode potential lasting for 15min. Current was recorded 
each minute and the last point at each potential was plotted in the polarization curve (Deeke 
et al. 2012).  
RESUTLTS AND DISCUSSION 
CH4 production under different operational modes. The effect of combining BES and 
AD at low temperature was first investigated in three different reactors ( BES-AD-10, BES-
ADC-10, ADC-10) at the same operational temperature 10 ℃ As shown in Figure 3(a), 
CH4 yields increased with time in all the reactors during all three batches. CH4 yield was 
higher in the BES-AD-10 reactor compared to the other reactors, and varied between 20 
and 30 mg CH4-COD/gVSS during one batch period of 14 days. The maximum cumulative 
CH4 yield was 31 mg CH4-COD/g VSS in BES-AD-10 reactor during the second batch, 
which was 5.3-6.6 times higher than in the BES-ADC-10 reactor and 5.0-15 times higher 
than in the ADC-10 reactor. These results showed that BES enhanced CH4 formation at 
10 ℃. This is in line with other studies, that showed that at mesophilic conditions (30 ℃), 
BES enhanced the CH4 yield (Feng et al. 2015, Tartakovsky et al. 2011).  
The lower CH4 yield of the BES-ADC-10, which contained electrodes but was operated at 
open circuit, compared with the BES-AD-10 reactor, in which electrical energy was 
supplied, showed that the enhanced CH4 yield was the result of applied electrical energy, 
rather than of biomass retention on the electrodes, as has been found previously at 30 ℃ 
(De Vrieze et al., 2014). CH4 yield of the BES-ADC-10 reactor was higher than that of 
ADC-10 (anaerobic digestion alone) in the first batch, and was lower in the second and 
third batch. The decrease of CH4 yield in BES-ADC-10 reactor during three batches might 
be the result of differences in pH: the pH in the BES-ADC-10 had increased to 8.3 at the 
end of Batch 1, while the pH in the other two reactors was quite stable (<7.8) during three 
batches (see Figure. S2). This higher pH could have decreased the activity of methanogens 
(Chen et al. 2008). The pH in BES-AD-10 was 7.5±0.3, higher than ADC-10 (7.1±0.20), 
possibly the result of consumption of protons at the cathode, a phenomenon also found by 
previous studies working at mesosphilic conditions (Bo et al. 2014).  
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To compare the potential of CH4 yield in the BES-AD system at low temperature to CH4 
yields at higher temperatures, we operated two additional AD reactors without electrodes 
and without electrical energy input, ADC-15 at 15 ℃and ADC-30 at 30 ℃. As shown in 
Figure 3(b), the cumulative CH4 yields increased with the increasing temperature during the 
three batches. BES-AD-10 reactor had higher CH4 yield than both control reactors at 10 ℃ 
and 15 ℃, and reached a CH4 yield close to the ADC reactor at 30 ℃. Table 2. gives an 
overview of the CH4 production rates of all the reactors at different temperatures during 
three consecutive batches. In each reactor, the maximum CH4 production rate obtained 
from the first-time period (0-5 days) was 2-3 times higher than the average CH4 production 
rate in the whole batch period.  
Table 2. Comparison of averagea and maximumb methane production rate for the reactors 
during each batch 
No. 
(mgCOD/gVSS/d ) 
Batch 1  Batch 2  Batch 3 
Average Max  Average Max  Average Max 
BES-AD-10 1.55 2.22  2.37 3.19  2.13 3.32 
BES-ADC-10 0.41 0.68  0.16 0.54 0.25 0.48 
ADC-10 0.36 0.45  0.40 0.49 0.44 0.51 
ADC-15 1.13 2.29 
 
1.35 2.35     1.50     2.41 
ADC-30 2.29 5.55 2.62 5.91     2.98     7.62 
a The average CH4 production rate was calculated from the whole batch period (2 weeks). 
b The maximum CH4 production was calculated from the first period (0-5 days).  
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(a) 
 
(b) 
 
Figure 3. CH4 yield of the different reactors and conditions during three consecutive 
batches (a) CH4 yield of three reactors at 10℃. (b) CH4 yield of four reactors at different 
temperature, 10℃, 15℃ and 30℃. The dashed line indicates medium replacement. 
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Acetate removal in AD with and without BES. Acetate removal efficiency for all reactors 
operated at 10 ℃ was analyzed to evaluate the overall process (Figure 4). For all the 
reactors, acetate was removed throughout each full batch, showing that acetate was not 
limiting CH4 production. Acetate removal efficiency in BES-AD-10 was 45%, while 
acetate removal efficiency in ADC-10 was 8%. The difference in acetate removal efficiency 
between BES-AD-10 and ADC-10 could be the result of anodic oxidation by electroactive 
microorganisms (Zhao et al. 2014). However, BES-ADC-10 also had high acetate removal 
efficiency of 40%, which was comparable to that of BES-AD-10, even though there was no 
electric circuit and CH4 production was much lower. Apparently, the presence of electrodes 
in the form of granular activated carbon, influences acetate removal. It is well known that 
granular activated carbon possesses excellent adsorption capability for organic matter (Gur-
Reznik et al. 2008, Orshansky and Narkis 1997), although adsorption of acetate to granular 
activated carbon bioanodes has not been reported or discussed so far. Adsorption tests in 
batch bottles with acetate and granular activated carbon indeed showed that up to 25% of 
the acetate was adsorbed after around 2 days (data not shown). The acetate removal 
efficiency of BES-ADC-10 decreased from 40% to 28% during three batches, while CH4 
production rates increased, which is another indication of saturation of granular activated 
carbon with acetate. Not only acetate removal, but also CH4 production efficiency was 
influenced by adsorption, because adsorption of part of the removed acetate would result in 
lower CH4 production efficiency. Indeed, CH4 production efficiency in the reactors with 
granular activated carbon as electrode material (both BES-ADC-10 and BES-AD-10), were 
8 times lower than that without electrode materials (ADC), see Table S1.   
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Figure 4. Acetate removal efficiency of reactors at 10℃ during three consecutive batches. 
The dashed line indicates medium replacement. 
Bioelectrochemical analysis of anode and cathode. At low temperature, acetoclastic 
methanogenesis is more rate limiting than hydrogenotrophic methanogenesis (Enright et al. 
2009). A potential mechanism for CH4 generation in the BES-AD-10 reactor is that 
introducing a bioanode opens a new route for CH4 formation, in which acetate is converted 
into electrons (Figure 1. R4), and the applied voltage is used to generate either H2 (R5) or 
CH4 (R6) at the cathode. To further analyze the role of the (bio)electrodes in the BES-AD-
10 reactor, volumetric current density, coulombic efficiency and cathodic CH4 recovery 
efficiency were analysed (Figure 5.). Coulombic efficiency can be used to distinguish the 
contribution of anodic oxidation and acetoclastic methanogenesis in acetate removal (Zhao 
et al. 2014). Under a constant cathode potential -0.9 V, an average volumetric current 
density of -10 A/m3 was observed (reported negative because it was measured as a cathodic 
current) (Figure 5.). The current density was quite stable during three batches. Anode 
potential was regularly measured and was always <-350 mV, indicating that the bioanode 
was active throughout the experiment. Coulombic efficiency increased from 44% to 60%, 
while the acetate removal efficiency in BES-AD-10 ranged between 37% and 43% (Figure 
6). This increase in coulombic efficiency at stable acetate removal efficiencies showed that 
the contribution of the bioanode to acetate oxidation increased with time, which was likely 
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caused by the growth of electroactive microorganisms in the anode. Because CH4 
production rate in BES-AD-10 was several times higher than those of BES-ADC-10 and 
AD-10 throughout the experiment, we can conclude that BES became an alternative route 
to degrade acetate and produce CH4. Cathodic CH4 recovery efficiency shows which part of 
the electrical current is converted into CH4 (either direct of via hydrogen) at the cathode. 
The highest cathodic CH4 recovery efficiency was achieved around 20% in the first batch, 
and gradually increased to 25% in the third batch, which was relatively low compared to 
those in previous methane-producing BES study at higher temperature of 30 ℃ (Siegert et 
al. 2015). The causes for the low cathodic CH4 recovery have not been further examined in 
our study, but could be the result of H2 diffusion to the anode side and re-oxidation by the 
anode electroactive bacteria (Lee and Rittmann 2009). In our study, hydrogen concentration 
was analyzed regularly and was below the detection limit during all batches. Even though 
not detected, hydrogen could be an intermediate product and used in-situ by 
hydrogenotrophic methanogens (van Eerten-Jansen et al. 2015, Lohner et al. 2014). Other 
possible causes for the low CH4 recovery may be biomass growth, or oxygen leakage 
during medium replacement. The combination of anodic and cathodic efficiency shows 
which part of the acetate is converted into CH4 in the BES. This overall efficiency was 
around 9.5 %, indicating there is still much room for improvement in conversion efficiency.  
Polarization curves of the biocathode in BES-AD-10 were measured at the end of each 
batch (Figure 6), and also for a control cathode (without inoculum). The biocathode in 
BES-AD-10 in all of the three batches had similar current densities, which were higher than 
that of the control cathode. At a cathode potential of -0.90 V, the biocathode in BES-AD-10 
had a current density of -23 A/m3, whereas the control cathode had a current density around 
-0.50 A/m3. This indicated the formation of a cathodic biofilm, however, it cannot be 
concluded if this biofilm was catalytic for the production of H2 and/or CH4.  
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Figure 5. Trend of current density (line), coulombic efficiency (empty circle) and cathodic 
CH4 recovery efficiency (filled circle) during the three consecutive batches in BES-AD-10 
reactor. The dashed line indicates medium replacement. 
 
Figure 6. Polarization curve for BES-AD-10 reactor at the end of each batch. The control 
cathode was measured for the same BES-AD reactor with fresh medium and without 
sludge. 
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Evaluation of the enhancement of BES on AD at low temperature. The maximum 
specific methanogenic activity (SMA) of the BES-AD-10 reactor was 3.3 mg CH4-
COD/(gVSS·d). SMA of anaerobic sludge treating domestic sewage was about 300 mg 
CH4-COD/ (gVSS·d) at 30 ℃ and 30-40 mg CH4-COD/ (gVSS·d) at 15 ℃ (Zhang et al. 
2013a). Maximum CH4 production rate of the ADC-10 reactor in this study was lower than 
related results above, and was probably due to the differences in reactor design, substrate, 
and lower temperature of 10  ℃.  Strategies to achieve higher SMA could be to use a longer 
cultivation time for the sludge in the reactor (De Vrieze et al. 2014), or to  inoculate with 
sludge from low-temperature anaerobic digester(Zeeman et al. 1988), aspects that need 
further research.  
CH4 production rates of the previous studies on BES-AD systems under mesophilic 
conditions and the present study are summarized in Table 3. CH4 production rate was 
different in different BES-AD systems, as it was affected by many factors, such as 
inoculum, reactor configuration, applied voltage and medium. However, the increased CH4 
production rate in our study outperformed most BES-AD systems operated at mesophilic 
conditions, except studies that operated with higher external voltage than this study 
(Zamalloa et al. 2013, Guo et al. 2013). The energy input of the BES-AD system was 
calculated in terms of electrical energy invested per volume (m3) of produced CH4 during 
one batch. In this experiment, the energy input for BES-AD-10 reactor was 39 kWh/m3 
CH4 (
𝑈×𝐼×𝑉×𝑇
P
 , U is the cell voltage 0.55 V; I is the volumetric current density 10 A/m3; V 
is the reactor volume 20 mL ; T is the total three batches time 41 days; P is the total CH4 
yield during three batches 78.6 mg CH4-COD/ (gVSS) ). If this same amount of electrical 
energy would be used to heat up the reactor, which would also lead to higher conversion 
rates, the temperature of the reactor would only increase by 1.6 ℃ (∆𝑇 =
Q
𝑚∙𝐶
 , Q is the 
electrical energy during one batch; m is the mass of the medium 20 g; C is the heat capacity 
4.179 J/℃/g). The energy input that would be required for heating up the digester from 
10 ℃ to 30 ℃ in our experiment, would be, with the same calculation, 407.4 kWh/m3 CH4 , 
which was almost 10 times higher than electrical energy invested in the BES-AD-10 
reactor. If the cathodic CH4 recovery efficiency could be increased from 25% to 80% this 
would lead to a further decrease in electricity input to 12 kWh/m3 CH4. Therefore, in 
addition to other processes aiming at enhancing CH4 production during low-temperature 
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anaerobic digestion, e.g. co-digestion (Zhang et al. 2013a) and combing a solar energy 
heating-up system (Ren et al. 2012), BESs may serve as a cost-efficient alternative to 
enhance CH4 production at low temperature.  
Table 3. Comparison between BES-AD and AD in terms of CH4 production rate 
Temperature 
Applied 
voltage 
(V) 
Production Rate in 
AD alone 
(mgCOD/gVSS/d) 
Improvement of 
BES-AD compared 
to control without 
electrodes 
Reference 
35℃ 0.3~0.6 18 1.22 a times (Feng et al. 2015) 
25±2℃ 0.7~0.8 557 1.25b times (Zhao et al. 2014) 
34℃ 0.5~1 32 1.5a times 
(De Vrieze et al. 
2014) 
37±1℃ 1.4~1.8 0.47 11.4~13.6a times (Guo et al. 2013) 
30±2℃ 2±0.1 0.17 5a times 
(Zamalloa et al. 
2013) 
35℃ 2.8~3.5 143 1.1~1.25a times 
(Tartakovsky et al. 
2011) 
10℃ 0.55 0.44 5~6 a times This study 
a. CH4 yields 
b. CH4 production rate 
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CONCLUSIONS  
At 10 ℃, CH4 yield in the integrated BES-AD system was 5.3~6.6 times higher than those 
of the control (no external voltage and no electrodes). The comparison between reactors 
operated at different temperatures suggested that CH4 production from a low-temperature 
anaerobic digestion assisted by BES might result in a similar performance as mesophilic 
anaerobic digestion. Energy input by the form of electricity in BES-AD system was lower 
than the energy for heating up the digester to mesophilic temperature. This study 
demonstrated that BES has potential to be an alternative strategy to enhance CH4 
production in low-temperature anaerobic digestion. 
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SUPPORTING INFORMATION  
 
 
Bioelectrochemical enhancement of methane 
production in low temperature anaerobic digestion at 
10 °C 
 
 
2 Figures, 1 Tables 
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Figure S1. BES-AD reactor. 
 
Figure S2. pH of three reactors at 10℃. 
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Table. S1 CH4 production efficiency in different reactors for three batches operated at10℃ 
No. (%) Batch 1 Batch 2 Batch 3 
BES-AD-10 5.17 8.24 9.53 
BES-ADC-10 3.58 1.99 4.01 
ADC-10 70.74 73.58 85.33 
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Concluding Remarks and Outlook 
 
This chapter will provide a state-of-the-art survey about methane-producing BESs and 
address the main limitations and opportunities of the methane-producing BESs from an 
industrial scale-up perspective. This is done by summarizing the insights of this thesis, by 
assessing the critical components influencing the performance, by performing a techno-
economic analysis of full-scale methane-producing BESs for biogas upgrading, and by 
evaluating competing power-to-gas technologies. This chapter will identify potential niche 
markets for methane-producing BESs to contribute to renewable electrical energy 
conversion and storage.  
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6.1 Summary of the research outcomes  
This thesis describes the improvement of methane production in methane-producing 
bioelectrochemical systems. As the basis of the discussion, the most important outcomes 
and insights from each research chapter in this thesis are summarised as follows:  
Chapter 2- Heat-treated stainless steel felt as a new cathode material in a methane-
producing bioelectrochemical system  
 Heat-treated stainless steel felt (HSSF) was used as a new cathode material.  
 Heat-treated stainless steel felt (HSSF) produced more methane than stainless steel 
felt at cathode potentials of -1.1 and -1.3 V vs. Ag/AgCl. 
 HSSF achieved a faster biocathode start-up than other materials tested, likely due to 
its good property for hydrogen evolution.  
 Overall biocathode performance of HSSF was comparable to graphite felt. 
Chapter 3- Granular activated carbon as cathode material for high-rate methane 
production at low overpotential  
 Under galvanostatic control, methane-producing biocathodes achieved methane 
production rates of around 65 L CH4/m2catproj/d at 35 A/m2catproj, which is so far 
the highest methane production rate obtained with similar carbon-based electrodes 
in other studies. 
 The granular activated carbon (GAC) biocathodes had a lower overpotential than 
the graphite granular (GG) biocathodes, with methane generation occurring at -0.52 
V vs. Ag/AgCl for GAC and at -0.92 V for GG at a current density of 10 
A/m2catproj, and -0.58 V for GAC at 35 A/m2catproj. 
 Methanobacterium was the dominant methanogen in all biocathodes. The GAC 
biocathodes experienced a higher abundance of proteobacteria than the GG 
biocathodes, which is possibly related to the low overpotentials for methane 
production observed with GAC but not with GG.  
  
Chapter 6 
140 
 
Chapter 4- Effect of intermittent current supply on the performance of a methane-
producing bioelectrochemical system (Chapter 4)  
 The effect of intermittent electricity supply on the performance of methane-
producing BESs was investigated.  
 Current-to-methane efficiencies of all biocathodes during the tests of 6 min on/off 
cycle time, were stable and similar to those in the control tests (constant current 
supply), with around 50-60 % at 10 A/m2 catproj and 80-90 % at 35 A/m2 catproj. 
 The effect of intermittent current supply became more evident, when operated at a 
higher current density (35 A/m2 catproj) with 30 min on/off cycle time. Current-to-
methane efficiency dropped to 70% under 20 min ON and 10 min OFF, 30% under 
15 min ON and 15 min OFF, 50% under 10 min ON and 20 min OFF. 
 The results show an unexpected and unexplained sensitivity of methane-producing 
BESs microorganisms for intermittent current.  
Chapter 5- Bioelectrochemical enhancement of methane production in low temperature 
anaerobic digestion at 10 °C 
 Integration of bioelectrochemical system (BES) with anaerobic digestion (AD) can 
be an attractive alternative strategy to enhance the performance of AD at low 
temperature e.g. in cold areas. 
 The highest CH4 yield of 31 mg CH4-COD/g VSS was achieved in the combined 
BES-AD system at a cathode potential of -0.90 V (Ag/AgCl), which was 5.3 to 6.6 
times higher than in the comparable AD reactor at 10 ℃.  
 CH4 production rate achieved in the combined BES-AD system at 10 ℃ was only 
slightly lower than in the AD reactor at 30 ℃.  
 BES uses 10 times less energy to assist AD at 10℃than heating up AD to mesophilic 
condition  
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6.2 High-rate methane production  
In this section, we compared the methane production rate achieved in this thesis (Chapter 3) 
with other studies working on methane-producing BESs (Figure 1). The methane 
production rate is normalized by cathode project area and by cathode electrode volume. 
Methane-producing BESs using carbon-based granular electrodes (i.e. activated carbon 
granular, graphite granular) as cathode electrode, show the highest methane production rate, 
which are 2-3000 times higher than those achieved in other studies. The granular electrode, 
as a typical three-dimensional (3D) porous electrode material, has a high specific surface 
area which may enhance biofilm attachment, and thus result in high methane production 
rate. Besides the advantages of 3D porous electrode materials, activated carbon granular 
(GAC) has another feature, namely that it seems beneficial to hydrogenotrophic 
methanogens, which is the most dominate microorganim within a methane-producing 
biocathode. A previous study (Liu et al. 2012) reported an improved methane production 
rate in anaerobic digestion by adding GAC into the digester, as the conductive GAC might 
faciliate direct interspecies electron transfer between bacteria (e.g. Geobacter species) and 
methanogens (e.g. Methanosarcina). In another study, although GAC was not used as 
cathode electrode, effective inoculation with methanogenic communities pre-enriched by 
GAC could improve methane production rates and decrease start-up times in methane-
producing BESs (LaBarge et al. 2017).   
The effect of the electrode bed thickness on the performance of methane-producing BESs is 
still unclear. On the one hand, an increase in the methane producion rate could occur when 
the thickness of granluar electrode bed increases, since the thicker granluar electrode 
provides higher surface area for biofilm growth, leading to higher the cathodic reaction rate 
(hydrogen and/or methane production).  On the other hand, visible inspection of our 
granular electrode beds used in chapter 3 (both GAC and GG) showed that the biofilm 
growth mainly occurred at the anolyte side of the electrode bed. This phenomenon was also 
found by a previous study using graphite felt as bioanode in Microbial Electrolysis Cells for 
hydrogen production (Sleutels et al. 2009a). Possible reasons could be: substrate limitation 
inside the electrode bed due to non-ideal mixing, and local pH increase inside the electrode 
bed because of slow diffusion of protons from the membrane to the inside electrode bed. 
Further study into the thickness of the electrode bed and its effect on the methane 
production rate is required.  
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Figure 1. Development of methane production rate in methane-producing BESs (based on 
Geppert et al. 2016). Methane production rates are expressed in unites of L CH4/m2 catproj/d 
(circles) and m3 CH4/m3 cat/d (triangles). The open circles and grey triangles represent the 
flat cathode electrodes, whereas the filled black circles and triangles indicate the 3D 
cathode electrodes. In addition, the circle filled with red color represent the resutlts 
obtained in this thesis in Chapter 3.  
6.3 Anode rather than biocathode limits energy efficiency of methane-
producing BESs  
According to the experimental results in chapter 3, we analyzed the potential loss within the 
methane-producing BESs consisting of two types of cathode materials: activated carbon 
granules (GAC) and graphite granules (GG). The detailed calculations were shown in 
supporting information. Based on the potential loss analysis, we further quantified the 
contribution of each component of the total applied voltage (Figure 2). In fact, the 
distribution of potential losses is the same as the distribution of energy losses, because the 
current density is equal for both cathode materials. Our results reveal that the biocathode 
overpotential accounted for only 3% of the total applied voltage for GAC biocathodes, and 
for 12% for GG biocathodes. The largest potential loss occurred at the anode, accounting 
for about 40% of the total applied voltage in both cases, GAC and GG reactors. Transport 
losses were the second dominant potential loss, accounting for 20% of the applied voltage 
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for GAC reactors and 14% for GG reactors. The processes underlying transport losses are 
not yet understood and need further study, however, reducing the anode overpotentials 
would be the priority for improving the overall energy efficiency of methane producing 
BESs. The high energy loss at the anode may be the result of the low surface area of the flat 
plate anode electrode, that was in these experiments covered with a layer of glass beads in 
order to keep the cathode granule bed well-connected to the cathode current collector. An 
anode with a higher specific surface area could be an option to reduce the overpotential for 
water oxidation (Shi and Zhao 2014).  
 
Figure 2. The distribution of potential loss in GAC and GG at current density of 
35A/m2catproj. The average applied voltage for GAC biocathodes and GG biocathodes are 
4.77 V and 4.85 V, respectively. The share of each component is calculated by averaging 4 
samples (2 samples for each reactor × 2 reactors for each biocathode material) during the 
stable performance phase. 
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6.4 Outlook: Scale-up Issues   
Since the discovery of methane-producing biocathodes (Cheng et al. 2009), methane-
producing BESs have attracted interest in various aspects, including the possible electron 
transfer mechanisms, key microbial species involved in the process and system 
optimization regarding cathode material, membrane, operational conditions, etc.(Geppert et 
al. 2016). However, the methane-producing BESs is still in its infancy, and many issues 
related to scalability and economic feasibility should be addressed.  
Herein, we do a techno-economic analysis based on a case study for methane-producing 
BES application, which is to upgrade biogas from anaerobic digestion of food waste 
(Figure 3). Food waste from households is abundant in the urban area and requires 
sustainable treatment under the concept of urban circular economy. Anaerobic digestion, a 
mature technology applied worldwide, has proven to be a desirable treatment process for 
food wastes as it can treat organic waste streams by less capital investment, meanwhile 
recovering energy from these waste streams. The biogas from anaerobic digestion is a 
mixture of CH4 and CO2. Upgrading biogas using electricity and methane-producing BESs 
is an attractive and sustainable way for CO2 emission reduction. The upgraded biogas 
(90~99% CH4) is injected into the gas grid and this can be compared to renewable 
electricity storage. For a thorough evaluation, a techno-economic analysis was performed 
with the software SuperPro Designer® (SPD). This software is used widely in both industry 
and scientific field for simulation many integrated processes, such as wastewater treatment 
(Vergili et al. 2012), production of pharmaceuticals (Nandi et al. 2016) and biofuels 
(Sebastião et al. 2016).  
All equipment required for this case study is shown in the SPD flowsheet (Supporting 
information Figure S2). The flowsheet consists three different sections: feedstock 
preparation, product synthesis and biogas upgrading. In the feedstock section, the fresh 
catholyte and anolyte are fed into the blending tank at a certain flow rate to have sufficient 
nutrients for biocathode growth, and water in the anodic chamber. In addition, the raw 
biogas is fed into the catholyte blending tank to serve as CO2 supply. In product synthesis 
section, a generic box is used to mimic the methane-producing BES reactor, where 
electrochemical and biological reactions take place. The gas products (O2 and CH4) are 
isolated from each outflow stream in the gas-liquid separation tank. The final effluent is 
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partially recycled back to the corresponding blending tank to decrease the material costs, 
whereas the rest of the effluent was discharged to keep the mass balance. The cathodic gas 
produced is a mixture of CH4 and unconsumed CO2. A biogas upgrading section was 
necessary and essential to meet the requirement of gas grid standard (CO2 concentration< 2 
vol. %) in several European countries(Persson et al. 2006). In our case study, the water 
scrubber technique, as a cost-effective and widespread upgrading technique (Teghammar et 
al. 2014), was used to ensure 99% CH4 content in the upgraded biogas. The upgraded 
biogas is injected into the gas grid. The unconsumed CO2 is recycled back into the 
catholyte blending tank of the feedstock section to increase carbon utilization of the 
process.  
The overview economic evaluation report and itemized cost report were generated in SPD. 
The detailed settings and parameters used for all equipment in SPD can be found in the 
Supporting Information Table S2 and Table S3. Different current densities and internal 
resistances were investigated to explore the relationship between the performance of 
methane-producing BES and the production cost. According to the breakdown of 
production costs regarding different cost items within different sections, primary factors 
influencing the production cost were identified. Finally, the revenue of the case study was 
also examined in the sensitivity analysis according to the price of O2 and CH4.  
  
Chapter 6 
146 
 
 
Figure 3. A schematic diagram for the case study on biogas upgrading by methane-
producing BESs. Driven by renewable energy, methane-producing BES upgrades raw 
biogas from biogas plant to 99% methane, together with O2 as a by-product. The O2 can be 
used in the hospital, whereas 99% methane is injected into the gas grid for energy storage. 
The energy is consumed by a variety of different end uses, e.g. vehicle fuel, electricity and 
heat for households. In addition, vehicles combustion produces CO2, which can be fixed by 
crops. Crops are supplied to households, and parts of them become food waste. Food waste 
is then fed into anaerobic digestion for raw biogas production. The techno-economic 
analysis focuses on the processes inside in the dotted square (system boundary).   
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6.4.1 Current density and internal resistance determine practical applicability  
In our case study, different current densities of 35, 140, 1400, 2800 A/m2 (based on 
projected cathode surface area) were studied. 35 A/m2 is so far the highest current density 
reported in this thesis (Chapter 3). 140 A/m2 is also a realistic value for CH4 production, 
although not demonstrated yet, as acetate production at current density around 200 A/m2 
has been achieved with 99% of electron recovery efficiency (Jourdin et al. 2016). It is likely 
that this performance for acetate producing biocathode can be translated to methane 
production, as in all acetate producing biocathodes, the methanogenic inhibitor 2-BES was 
added to the catholyte to prevent methanogenesis (Bajracharya et al. 2017, Jourdin et al. 
2015). 1400 and 2800 A/m2 are exceptionally high current density compared to reported 
current densities for all kinds of biocathodes. Even though such high range of current 
densities could seem unrealistic, they are studied for a thorough understanding of the 
influence of current density on the costs of a methane-producing BESs plant. Theoretically, 
high current densities can be reached in the methane-producing BESs if enough external 
electricity energy is supplied to the systems and as long as methanogenic activity is high 
enough to consume this electricity (or its equivalent in hydrogen). For the anode, a 
platinum-iridium electrode for the water splitting reaction can reach current densities up to 
10000 A/m2 (Millet and Grigoriev 2013).  
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(a) 
 
(b) 
 
Figure 4. Production costs of the case study at different current densities. (a) The general 
costs decrease significantly with increasing current density and keep constant after reaching 
current density of 1500 A/m2; (b) The electricity cost for the methane-producing BES 
reactor increase linearly along with the current density, and its decrease with decreasing 
internal resistance. 
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The general costs, shown in Figure 4(a), include the capital and operational costs, such as 
the purchase of the equipment, materials, and consumables (electrode, membrane, reactor 
housing for the methane-producing BESs reactor). In the range of 0-1400 A/m2, general 
costs decrease along with the increase in current densities. This declining trend is clear 
especially at current densities lower than 140 A/m2. However, general costs stabilize at 
current density higher than 1500 A/m2. As the raw biogas input is constant at each current 
density, the higher the current density (rate of product formation), the smaller the methane-
producing BES reactor will be, which means that costs of electrodes, membrane, and 
reactor housing of the BES reactor are lower. Therefore, the general costs reduction is 
mainly related to the methane-producing BES reactor, i.e. product synthesis section. 
Because the raw biogas input was constant, the operational costs for supplying fresh 
electrolyte and upgrading biogas (feedstock and biogas upgrading section) are independent 
of current density (Figure 8b). At current densities higher than 1500 A/m2, the majority of 
the costs (about 80%) are related to feedstock and biogas upgrading section, resulting in 
stable general costs.  
In addition to the general costs, the cost of electricity energy input of the methane-
producing BESs reactor under different internal resistances as a function of current density 
is demonstrated in Figure 4(b). The internal resistance consists of several aspects, including 
pH gradient, anode, membrane, and cathode. Moreover, the internal resistance is expressed 
as mΩ m2 with systematic independence, therefore, can be easily used for comparison 
among different methane-producing BESs (Sleutels et al. 2009b).  For a certain internal 
resistance, the electrical energy cost increases linearly with the increasing current density 
because higher electricity energy input is needed to drive a higher current density. At the 
same current density, the electricity cost increased with the increasing internal resistance, as 
a higher internal resistance at a certain fixed current results in a higher voltage to be 
applied. In Chapter 3 of this thesis, the largest internal resistance loss was found in the 
anode (55 mΩ m2), accounting for about 40% of the total internal resistance, whereas the 
biocathode resistance (4 mΩ m2 for GAC) has been reduced considerably to 3 % of total 
internal resistance (about 140 mΩ m2). Therefore, it is of vital importance to reduce the 
anode resistance to decrease the costs for electrical energy input for methane-producing 
BESs.  
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As all costs are expressed in euro per kg of CH4 produced (€/kg CH4), different costs can be 
summed up as total costs (Figure 5).  For low current densities, the general costs are 
dominant; for high current densities, the electricity cost is the key factor that determines the 
total costs. A minimum total cost was observed at a certain current density and decreased 
with decreasing internal resistance. Reducing internal resistance in combination with 
operating at a certain current density can thus improve the cost-effectiveness of the 
methane-producing BESs reactor. Assuming that the methane-producing BES reactor in 
this case study has the same internal resistance as our lab-scale reactor in Chapter 3 (around 
140 mΩ m2), the minimum total cost was about 8.5 €/kg CH4 at a current density of ≈120 
A/m2. The trends of the total costs influenced by the internal resistance and current density 
are in line with the techno-economic study for hydrogen-producing BESs, which is overall 
a comparable process (Sleutels et al. 2012). 
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 (a) 
 
(b)  
 
Figure 5. Total costs of the whole plant with the lab-scale anode for 5 different internal 
resistance levels, i.e. 25, 50, 100, 150, 200 mΩ m2, as a function of current density: (a) 
within a current density range of 0-3000 A/m2; (b) enlarged within a current density range 
of 0-500 A/m2. The total cost is the sum of general costs and the electricity energy costs of 
the methane-producing BES reactor.  For internal resistance level higher than 100 mΩ m2, 
the minimum total costs can be obtained at a current density of about 120 A/m2.  
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6.4.2 Platinum anode is the key element to general costs reduction at low 
current densities 
So far, the current densities of state-of-the-art the methane-producing BESs are in a range 
of  0.1- 35 A/m2 (Geppert et al. 2016, Chapter 3 in this thesis). For such current densities, a 
cost-effective full-scale methane-producing BESs seems not feasible, due to the high 
general costs explained in previous subchapter 6.3.1. Identifying the key element affecting 
the general costs is necessery for improving the process or system design of the methane-
producing BESs in practice. In our study, the platinum-iridium anode is found to be the key 
element to the general cost reduction.   
Firstly, breaking down the general costs associated with three different sections at each 
current density is shown in Figure 8 (b). At a current density of 35 A/m2, the general cost in 
product synthesis section was 13.6 €/kg CH4, accounting for more than 90% of the total 
general cost. Within the production synthesis section, costs for purchasing consumables had 
the highest share of around 90%, followed by the facility-dependent costs, including 
maintenance of the methane-producing BESs reactor (Figure 6).  
Secondly, we further investigeated the consumables of the whole plant, which included the 
platinum-iridium anode, membrane, graphite current collector and the concrete of the 
methane-producing BESs reactor (Figure 7). A cost breakdown indicated that platinum-
iridium anode was the main cost driver with a share of 60% of the total consumable costs.  
Considering the decisive factor of the platinum-iridium anode in the general cost, reducing 
the amount of platinum-iridium anode used in the methane-producing BESs reactor can 
effectively contribute to the general costs reduction of the whole plant. In the base of our 
case study, lab scale anode had the surface area of 1:1 ratio of platinum-iridium anode area 
and cathode electrode area according to the lab experiment (Chapter 3). Such design of 
anode electrode suggested that the anodic current density is equal to the cathodic current 
density. However, it is not necessary for the anode electrode having the same current 
density as the cathode, especially at low cathodic current densities, because platinum-
iridium anode can even achieve a high current density up to10000 A/m2 for the water 
splitting reaction (Millet and Grigoriev 2013).Therefore, a full-scale anode with 15 m2 of 
platinum-iridium anode surface area was proposed in combination with a cathode of 3520 
m2 (the raio of the platinum-iridium anode area to the cathode project area is 0.004). By 
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comparison with the lab scale anode, a significant decrease of general costs for lower 
current densities was obtained in Figure 8(a). This general costs reduction is mainly 
attributed to the cost reduction in the product synthesis section shown in Figure 8(b).  
 
Figure 6. The share of different cost items among annual general coats of each section 
based on case study operating at a current density of 35 A/m2. The highest share of the 
general costs in each section is: materials costs for feedstock section, consumables costs for 
production synthesis section and utilities costs for biogas upgrading section.  
 
Figure 7. The costs distribution of various materials among consumables costs of the 
product synthesis section. Platinum-iridium anode accounted for 60% of the total 
consumable costs, followed by the reactor housing of the methane-producing BES about 
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39%, whereas the contributions of both inexpensive substitute membrane (1%) and graphite 
current collector (0.01%) were negligible.  
 (a)                                                                                 
 
(b)  
 
Figure 8. A comparison of general costs between two different ratios of electrode areas for 
anode and cathode. The ratio of platinum-iridium anode area to GAC cathode project area 
is 1 for lab-scale anode and 0.004 for full-scale anode. (a) the general costs of the full-scale 
anode decreased significantly at current densities < 200 A/m2, compared to that in the lab-
scale anode. (b) Breakdown of the general costs for lab-scale anode (Left) and full-scale 
anode (Right) into three sections.  
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6.4.3 Oxygen is the main revenue product  
For better comparison of the cost and the revenue, the revenue is represented in the same 
unit as the cost (€/kg CH4). According to this unit, a constant revenue of 8.92 €/kg CH4 was 
found for each current density/internal resistance. The reason for this constant revenue is 
that the revenue was calculated based on the price of CH4 and O2, and the ratio in which 
they are produced. As long as the quality of input raw biogas does not change (as assumed 
in the model), the composition of the overall products should be constant, and thus the 
revenue per kg of CH4 is stable.  
It is worth mentioning that the revenues for O2 are much higher than for CH4. On the one 
hand, the selling price of O2 (4.4 €/kg) is almost 2.5 times higher than the CH4 (1.90 €/kg); 
on the other hand, in terms of weight, the O2 yield is 1.6 times higher than the total amount 
of CH4 in the final upgraded biogas. The raw biogas contains 60 vol. % of CH4 and 40 
vol. % of CO2, and only CO2 is reduced in the methane-producing BESs reactor, where 4 kg 
of O2 are generated for per kg of CH4 produced based on chemical reaction (CO2+ 2H2O 
CH4 +2O2). In this case study, the overall products ratio of O2 and CH4 (in kg) turned out to 
be 1.6:1. The revenue from O2 is, therefore, around 4 times higher than that for CH4. This 
factor can also be found in the Economic Evaluation Report (EER) of SPD.  
For practical application of the methane-producing BESs, the revenues over the costs are 
crucial. The methane-producing BES in this case study is only profitable if the production 
cost per kg of CH4 is lower than the revenue. As discussed in the 6.3.2, the general costs of 
the whole plant working at low current density can be considerably decreased if anode 
electrode are reduced. We recalculated the total cost based on a lower anode area (full-scale 
anode) and compared that with the total revenue (CH4 and O2) and the sub-revenue (CH4) 
(Figure 9). When and the total revenue of CH4 and O2 are taken into account, the 
application of the methane-producing BESs is almost within reach based on the lab 
operating performance (current density of 35 A/m2 and internal resistance of 150 Ω m2), 
when current-to-methane efficiency is 100%. However, without considering the sub-
revenue of O2, it is so far not possible to have a profitable full-scale plant of the methane-
producing BESs. Selling O2 is essential to make the full-scale application of the methane-
producing BESs economically feasible or unless storage of electricity becomes valuable. 
Unlike the methane production in biocathodes, the O2 production performance of the anodic 
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process in the methane-producing BESs has not yet been studied. We advise that in the 
future more attention should be paid on the optimization of the anodic process, e.g. using 
high-surface area platinum electrode or choosing another anodic reaction, which improves 
the cost-effectiveness of the methane-producing BESs considerably.  
(a) 
 
(b) 
 
Figure 9. Total costs and revenue of the whole plant as a function of current density, under 
the assumption that the whole plant is carried out by the full-scale anode with 5 different 
internal resistance levels, i.e. 25, 50, 100, 150 and 200 mΩ m2. (a) within a current density 
range of 0-3000 A/m2; (b) enlarged within a current density range of 0-500 A/m2. The cost-
effective area is the area below the dark gray solid line.  
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6.5 Power-to-gas by methane-producing BESs: perspectives  
Based on the simulation results of the previous section, we calculated the total costs of 
methane-producing BESs plant in terms of storage per kWh electrical energy (€/kWh) 
(Figure 10.).  The total cost of 1 kWh electricity storage, is variable and determined by the 
internal resistance and the applied current density. According to the lab performance of 
methane-producing BESs in chapter 3 of this thesis (current density of 35 A/m2 and internal 
resistance of 150 Ω m2), the total cost is about 0.60 €/kWh. Although it is much more 
expensive than the natural gas (0.02-0.03 €/kWh) and biomethane (0.07 €/ kWh) (Götz et 
al. 2016), it is still within the range for substitute natural gas generation costs (0.04-0.90 
€/kWh) summarized in the literature (Götz et al. 2016). These costs do not include the 
effect of oxygen utilization; however, a foreseen cost reduction will be achieved if these 
oxygen produced can be sold.  
 
Figure 10. Total costs of the whole plant regarding per kWh of renewable energy storage. 
The results are shown as a function of current density, under the assumption that the whole 
plant is carried out by the full-scale anode with 5 different internal resistance levels, i.e. 25, 
50, 100, 150 and 200 mΩ m2. 
Among methanation technologies, methane-producing BES is a relatively new concept and 
is still under research. The energy efficiency of methane-producing BES is still low, about 
20%. As the anode electrode used in the reactor in Chapter 3 is not efficient for water 
splitting, better anode electrode and system optimization will definitely improve the energy 
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efficiency. Reducing anode losses, for instance, will result in an estimated maximum 
energy efficiency (suppose an anode overpotential of 0.3 V at the electrode modified with 
NiCoO4 Nano platelets and it can achieve a current density up to1000 A/m2) could reach 
45% for GAC reactor and 40% for GG reactor. The feasibility of methane-producing BESs 
is not only limited by the energy efficiency, but also rely on the operational conditions and 
capital costs, since these practical issues play important roles in determining the application 
niche. In Table 1, specifics of the three types of methanation processes are summarized. 
The nature for methane-producing BES indicates that it is better adapted to small-scale 
applications, for example street-level household solar panel energy storage. On the one 
hand, it is much safer to operate methane-producing BESs under mild conditions (room 
temperature and 1 bar), compared with thermochemical methanation (300~400℃, 50-200 
bar). On the other hand, methane-producing BESs may be easier to apply and less 
expensive, compared with biological methanogenesis, which requires hydrogen storage.  
6.6 Concluding remarks  
In this last chapter, an overview was given regarding the development of methane 
production rate in methane-producing BESs since 2009, indicating that in this PhD thesis, 
so far, the highest methane production rate of 65 L CH4/m2 catproj/d has been achieved. We 
have investigated the potential loss within the whole system (reactor operated in Chapter 3), 
revealing that the anode overpotential for water splitting had the biggest share of the total 
applied voltage. The anode was therefore the main limiting factor to the energy efficiency, 
which requires further study. Techno-economic analysis of a case study upgrading biogas 
by methane producing BESs indicates that reduction of size of the platinum anode plays an 
important role in capital costs reduction, especially at low current densities. Based on this 
techno-economic analysis, the application of methane-producing BESs can be cost-efficient 
when the bioelectrochemical system is optimized with low internal resistance and operated 
under high current densities. Oxygen is overall the most significant product influencing the 
profit due to its high market price. Finally, methane-producing BESs shows great promise 
in application to store renewable energy at small scale.  
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Table 1. Comparative perspectives on methanation process. 
 Thermochemical 
methanation 
(electrolysis +Sabatier) 
Biological methanogensis 
(electrolysis + methanogenesis)  
Methane-producing 
BESs 
Temperature  300~400℃ 50-70℃ 20-30 ℃ 
Pressure 50-200 bar 1 bar  1 bar 
CO2 sources Biogas (biomass-to-methane), CO2 capture plants from industry 
Tolerance to 
contaminants 
H2S: low 
O2: low 
H2S: high 
O2: limited 
H2S: high 
O2: limited 
Power-to-methane 
energy efficiency 
(excluding heat recovery) 
 
60% 
 
55% 
 
20% 
Operational advantages Low maintenance High flexibility High flexibility, low costs 
(without hydrogen storage) 
Technical maturity Demonstration phase Early demonstration phase Research phase 
Scale Large/centralized Small/decentralized Small/decentralized 
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Chapter 6. General Discussion  
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A. Calculations of Potential Losses at Current Density of 35 A/m2catproj  
The applied cell voltage (Ecell) is divided into the reversible energy loss and irreversible 
energy losses(Sleutels et al. 2009b). The reversible energy loss is the energy used for 
conversion of CO2 and H2O into CH4 and O2, respectively (equilibrium voltage, Eeq). The 
irreversible energy losses belong to anode (η𝑎𝑛) and cathode (η𝑐𝑎𝑡) overpotentials, pH 
gradient between anode and cathode chambers (𝐸∆𝑝𝐻), ionic loss (𝐸𝑖𝑜𝑛𝑖𝑐) and transport loss 
through the membrane (𝐸𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡). These potential losses were calculated using the 
following equations (1-8) according to literature(Sleutels et al. 2009b), where R is ideal gas 
law constant (8.314 J/kmol); T is the absolute temperature (303.15 K); F is the Faraday’s 
constant (96485 C/mol); PCH4 is the CH4 partial pressure (1bar); PO2 is the O2 partial 
pressure (1 bar); pHanode is the anolyte pH (2); pHcathode is the catholyte pH (7); dan is the 
distance between the anode electrode and the membrane (0.01m); dcat is the distance 
between the cathode electrode and the membrane (0 m); 𝜎𝑎𝑛 is the anolyte conductivity 
(0.50 ± 0.06 S/m); and 𝜎𝑐𝑎𝑡  is the catholyte conductivity. In addition, Table S1 summarizes 
all cell voltages, anode potentials and cathode potentials measured at current density of 35 
A/m2catproj.     
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 𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑒𝑞− η𝑎𝑛− η𝑐𝑎𝑡 − 𝐸∆𝑝𝐻 − 𝐸𝑖𝑜𝑛𝑖𝑐 − 𝐸𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡                                                      (1) 
𝐸𝑐𝑎𝑡 = 𝐸𝑐𝑎𝑡
0 −
𝑅𝑇
2𝐹
ln (
𝑝𝐶𝐻4
[𝐻+]9[𝐻𝐶𝑂3
−]
9) = −
−175.46×1000
8×96485
−
8.314×303.15
8×96485
× 𝑙𝑛 [
1
(10−7)9×1
 ] =
−0.25 𝑉  𝑣𝑠.  𝑆𝐻𝐸                                                                                                                (2) 
𝐸𝑎𝑛 = 𝐸𝑎𝑛
0 −
𝑅𝑇
4𝐹
ln (
1
[𝐻+
4
[𝑝𝑂2]
) = −
−474.38×1000
4×96485
−
8.314×303.15
4×96485
× 𝑙𝑛 [
1
(10−7)4×1
 ] =
0.81 𝑉  𝑣𝑠. 𝑆𝐻𝐸                                                                                                                    (3) 
𝐸𝑒𝑞 = 𝐸𝑐𝑎𝑡 − 𝐸𝑎𝑛 =  −0.25 𝑉 − 0.81 𝑉 =  −1.06 𝑉                                                         (4) 
η
𝑎𝑛
= 𝐸𝑎𝑛,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝐸𝑎𝑛                                                                                                   (5) 
η
𝑐𝑎𝑡
= 𝐸𝑐𝑎𝑡 − 𝐸𝑐𝑎𝑡,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑                                                                                                (6) 
𝐸∆𝑝𝐻 =
𝑅𝑇
𝐹
ln(10(𝑝𝐻𝑐𝑎𝑡ℎ𝑜𝑑𝑒−𝑝𝐻𝑎𝑛𝑜𝑑𝑒)) =  
8.314×303.15
96485
ln( 10(7−2)) = 0.30 𝑉                      (7) 
𝐸𝑖𝑜𝑛𝑖𝑐 = 𝐼𝑖𝑛𝑜𝑠 ( 
1
2
𝑅𝑎𝑛 +
1
2
𝑅𝑐𝑎𝑡 ) =  𝐼𝑖𝑛𝑜𝑠 ( 
𝑑𝑎𝑛
2𝐴𝜎𝑎𝑛
+
𝑑𝑐𝑎𝑡
2𝐴𝜎𝑐𝑎𝑡
) = 0.07 × ( 
0.01
2×0.0022×0.5
) =
0.31 𝑉                                                                                                                                   (8) 
 
Table S1. Measured cell voltages, anode and cathode potentials for all four reactors at a 
current density of 35 A/m2catproj. Data represent the average ± standard deviation of 4 
separate samples for each reactor. 
Reactor 𝑬𝒄𝒆𝒍𝒍 (V) 
 𝑬𝒂𝒏,𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 (V vs. 
Ag/AgCl) 
𝑬𝒄𝒂𝒕,𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 (V vs. 
Ag/AgCl) 
GG1 -4.67 ± 0.07 2.44 ± 0.10 -1.03 ± 0.06 
GG2 -5.02 ± 0.04 2.61 ± 0.04 -1.07 ± 0.01 
GAC1 -4.76 ± 0.13 2.64 ± 0.08 -0.58 ± 0.01 
GAC2 -4.78 ± 0.13 2.55 ± 0.05 -0.59 ± 0.02 
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Figure S1. The breakdown of potential losses in GAC and GG at current density of 
35A/m2catproj. The average and standard deviation of each electrode material are calculated 
based on 4 data points, each of which is duplicated, within 2 weeks of stable performance. 
  
  
Chapter 6 
164 
 
B. Methodology: Process Simulation and Economic Analysis   
After determining inflow streams and initial settings for each unit in our case study, the 
SuperPro Designer® 9.0 firstly solves material and energy balances, and then generate 
several economic reports. Some initial settings of our case study are listed in Table S3. In 
general, the costs of the system is consisted of general costs (capital and operational costs) 
and electricity energy cost for the methane-producing BESs reactor.   
In the capital cost, the purchase price for the equipment is estimated based the website of 
Alibaba.com, whereas the costs for installation, instrumentation, buildings, yard 
improvements, auxiliary facilities, contractor’s fee and contingency are estimated according 
to software default settings (sum up to 5.2 times of the equipment purchase price). The 
project lifetime is set to 20 years. The assumed construction period is 24 months and the 
biocathode start-up period of 2 months is used according to experimental results from lab 
scale (our capacitive paper).  
In the annual operational costs, the purchase price for raw materials (biogas, nutrients, 
buffer solution, and water) and consumables (membrane, electrodes, BEP2G reactor 
housing) are listed according to the literature (Rozendal et al. 2008).  The costs of both 
labour and waste management are not included in this case study due to many uncertainties. 
The estimated lifetime of the BEP2G reactor is 20 years, whereas the lifetime of the rest of 
the consumables is set to 5 years. The maintenance cost is assumed 0.01% of the purchase 
cost for each facility, excluding gear pump (which is 0.1% of the purchase cost). The costs 
for utilities refers to the expense of heating or cooling agent (mention value), and electricity 
energy used by the whole system but excluding BEP2G reactor.  
The electrical energy input for BEP2G reactor is calculated separately based on different 
internal resistances (between 25 to 200 mΩ m2) and variable current densities (between 35 
A/m2 to 2800 A/m2) and assumed to have 100% of current-to-methane efficiency. The cost 
for this electricity is calculated based on 0.035 €/kWh for industry usage. In this case study, 
we investigated both scenarios to identify the key process or significant components in such 
key process that determines the practicability of the whole system.  
Each model methane-producing BES reactor in this discussion chapter was proportional to 
(20x bigger than) the rector used in Chapter 3 and Chapter 4 of this thesis (Table S2) . As 
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the inflow of the biogas was fixed, the amount of methane-producing BES model reactor is 
dependent on the maximum operating current density. These reactors are constructed in 
parallel. 
Table S2. Footprint of our methane-producing BESs reactor under different current density 
modelled in the SuperPro designer. 
Methane-producing BES Length (m) Height (m) Width (m) 
Size of each reactor 0.28 3.2 1.4 
Current density (A/m2) 35 140 1400 2800 
Number of reactors in 
parallel 
1410 353 36 18 
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Figure S2. Process flow diagram in SuperPro Designer®. The whole system was divided into three different sections:  Feedstock Preparation 
(blue), which also included the recirculation of water and CO2 from the degasification; Product Synthesis (red), which mainly referred to 
methane-producing BESs; Biogas Upgrading (green), which consisted of a gas compressor, an adsorption tower for CO2 adsorption in water 
and a degasification tower for CO2 and water separation.  
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Table S3. Cost estimates for materials, products and utilities. 
Item  Cost Reference 
Medium  
Catholyte (mineral & Vitamin) 1.69 €/L Calculated based on (Chapter 3 in this thesis) 
Anolyte (phosphate buffer) 1.45 €/L Calculated based on (Chapter 3 in this thesis) 
Fresh water 0.000067 €/kg (Teghammar et al. 2014) 
Raw biogas a 10 €/tonne (Skovsgaard and Jacobsen 2017) 
Products 
Methane b 1.895 €/kg (Teghammar et al. 2014) 
Oxygen 4000 €/ton Market price c 
Membrane Inexpensive substitute membrane 10 €/m2 (Rozendal et al. 2008) 
Electrodes 
Single sided platinum-iridium coated 
titanium plate 
500 €/m2 (Rozendal et al. 2008) 
Activated carbon granules 1000 €/m2 Market price c 
Utilities  
Blending/storage tank  8000 € 
Market price c 
Gear pump  50 € 
Gas-liquid separator  2000 € 
Gas compressor (60 bar) 30000 € 
Cooling machine 54280 € 
Absorption tower 5000 € 
Degasification tower  5500 € 
Concrete for methane-producing BESs 
reactor  
99.28 €/m2 Market price d 
Electricity 0.0346 €/kW h (Teghammar et al. 2014) 
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a. Raw biogas contains approximately 60% CH4 and 40% CO2 at production  rate of  2 m3 of biogas per m3 of the digester volume per day. 
(Kondusamy and Kalamdhad 2014). In this case study, the digester volume is assumed 100 m3, leading to the biogas input of 200 m3 per 
day.  
b. The final price of methane after subtraction the cost for tank stations and injection into the gas grid.    
c. www.alibaba.com 
d. http://www.livios.be/nl/bouwinformatie/ruwbouw/beton/fundering/richtprijzen-fundering-en-beton/ 
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Summary 
Methane-producing BESs are a promising technology for renewable electricity 
storage 
There is a rapidly increasing demand for energy due to the population growth and economic 
boost in the world. We have strived to meet such energy demand without compromising the 
environmental quality by implementing renewable energy technologies. As described in 
chapter 1, renewable energy is abundant and are utilised in three forms: electricity, heat 
and biofuels. Among these renewable energy forms, electricity has the largest share, 
accounting for 78% of the total renewable energy capacity supplied in 2015. It is well 
known that renewable electricity supply is intermittent and fluctuating. Developing flexible 
electricity storage systems is thus essential to stimulate a larger share of renewable energy 
market.  
Methane-producing BESs are an emerging technology for converting renewable electricity 
into methane. They utilize CO2 from waste-streams to produce methane in one-step 
conversion; in addition, they operate at room temperature (20-30℃) and atmospheric 
pressure with open-culture microorganisms, an inexpensive, self-regenerating biocatalyst. 
This thesis aims at achieving efficient methane production in methane-producing BESs by 
improving the CO2 reduction reaction at the biocathode, as the biocathode is by far the rate 
limiting process in the whole methane-producing BESs.  
Searching for cathode materials to improve biocathode performance 
Methane-producing BES consists of two electrodes (anode and cathode), which are 
typically separately by a cation exchange membrane. At the anode, water is oxidized into 
O2, protons and electrons. The produced electrons flow through the external circuit to the 
cathode electrode, at where methane production takes place by means of microbial reaction 
with these electrons. The cathode with the attached microorganisms is called the 
biocathode. The biocathode is the most crucial part of the methane-producing BES; the 
bioactivity of the microorganisms and its interaction with electrodes, which occur in the 
biocathode, determine the methane production rate. Therefore, there is a need for searching 
cathode electrode materials that provide a high biocompatibility and a large electrode 
surface area. Electrode materials can be categorised into two types: metal-based and 
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carbon-based electrode. Firstly, a metal-based electrode, i.e. heat-treated stainless steel felt 
(HSSF), was investigated for methane-producing biocathode in chapter 2. The HSSF had 
superior electrocatalytic properties for hydrogen evolution compared to untreated stainless 
steel felt (SSF) and graphite felt (GF), leading to a faster start-up of the biocathodes. HSSF 
improved methane production rates of SSF when operated at -1.1 V and -1.3 V vs. 
Ag/AgCl, with a performance approximating to GF. HSSF is shown to be an alternative 
cathode material with a comparable performance to GF, making it suitable for application 
in methane-producing BESs.  
Secondly, use of granulated activated carbon (GACs), a carbon-based material, as a 
methane-producing biocathodes was investigated in chapter 3 and 4. GACs are selected 
due to that it has a higher specific surface area compared with that of graphite granules 
(GGs). Under galvanostatic control, the reactors in our study achieved a methane 
production rate of around 65 L CH4/m2catproj/d at 35 A/m2catproj. The GAC biocathodes had 
a lower overpotential than the GG biocathodes, with methane generation occurring at -0.52 
V vs. Ag/AgCl for GAC and at -0.92 V for GG at a current density of 10 A/m2catproj, and 
still at only -0.58 V for GAC at 35 A/m2catproj. 16S rRNA gene analysis showed that 
Methanobacterium was the dominant methanogen at both GAC and GG biocathodes. To 
further study the mechanism of methane production in GAC biocathodes, we replaced CO2 
supply by flushing with pure N2 in the catholyte. In absence of CO2 supply, the cathode 
potential decreased to a more negative value of -0.9 V vs. Ag/AgCl. Overall, this suggests 
the possibility that methane is produced via direct electron transfer at GAC biocathodes. 
Based on this experimental set-up, we investigated the effect of intermittent current on both 
GAC and GG biocathodes of methane-producing BESs, by operating them under three 
different current supply modes (time-ON/time-OFF: 4’- 2’, 3’- 3’, 2’- 4’), at two current 
densities (10 and 35 A/m2 catproj). Methane production rates increased with longer time-ON 
modes for both GAC and GG biocathodes. The current-to-methane efficiencies of all 
biocathodes at intermittent current were similar to those under constant current, with 50-
60 % at 10 A/m2 catproj and 80-90 % at 35 A/m2 catproj. After switching to continuous 
current supply, all biocathodes recovered their original performance directly. Our results 
reveal that methane-producing biocathodes can be robust when operating under intermittent 
current.   
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Exploring a new application for Methane-producing BESs 
Many studies were done to explore new application opportunities for Methane-producing 
BESs, focusing on the locations where CO2 and electricity is abundant and relatively cheap. 
Biogas production sites are one of these locations, because raw biogas contains about 40% 
CO2, which needs to be upgraded before use. In addition to upgrading biogas, methane-
producing BESs was also shown to enhance methane production of anaerobic digesters. In 
chapter 5, we integrated the methane-producing BES with anaerobic digestion (AD) to 
investigate if methane-producing BESs can enhance methane production from organic 
matter in low-temperature anaerobic digestion. At 10 ℃, methane yield in the integrated 
BES-AD system was 5.3~6.6 times higher than those of the control (no external voltage 
and no electrodes). Methane production rate achieved in the combined BES-AD system at 
10 ℃ was slightly lower than that in the AD system operating at 30 ℃. Energy input by the 
form of electricity in BES-AD system was only 10 % of the energy for heating up the 
digester to mesophilic temperature.  
Scaling-up issues for methane-producing BESs  
So far, all methane-producing BESs studies are performed with small-scale setups in the 
laboratory. It is, however, of importance to up-scale the experimental setups and prepare it 
for implementation. In chapter 6, a techno-economic analysis of a methane producing 
BESs used for upgrading biogas showed that use of platinum as the anode material plays a 
key role in capital cost due to the expensive purchase costs, especially when the current 
densities is far lower than35 A/m2. The application of methane-producing BESs can be 
cost-efficient when the bioelectrochemical system is optimized with a lower internal 
resistance and operated under high current densities. Moreover, oxygen is identified as the 
most crucial product due to its high market price; the production and selling of oxygen 
produced in this case has a great influence on the overall profit. Overall, this outcome of 
this thesis contributes to the improvement of methane-producing BESs at small-scale 
setups, extends the application of methane-producing BESs and evaluates the techno-
economic feasibility of such in an up-scaled condition. This may furnish methane-
producing BESs with more application potentials as a renewable energy storage and saving 
technology.
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